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Global warming will impact di)erent 
regions and sectors in di)erent ways, 
creating many losers and even a few 
winners around the world. Unfortunate-
ly, it looks like the Southwest will be on 
the losing side.

Losing water. Losing cool summer nights. 
Losing plant and animal species to 
changing climate patterns. Losing homes, 
forests, and Sonoran Desert to wildfires. 

*ese are some of the impacts associ-
ated with the gains in temperature the 
Southwest has faced in recent decades– 
and is projected to continue experienc-
ing for decades to come. *e degree 
of the temperature rise will depend on 
whether society manages to curb the 
greenhouse gas emissions spurring on 
global warming. 

*e ways global warming and its as-
sociated climate changes are likely to 
a)ect the Southwest include higher 
temperatures, with more heat waves; 
more droughts and, paradoxically, more 
floods; less snow cover, with more strain 
on water resources; and an earlier spring 
with more large wildfires. 

Many of these projected and sometimes 
already observed climate changes have 
been described in a series of Southwest 
Climate Outlook articles on global 
warming that ran from December 2003 
through this month. *e series has been 
pulled into a compilation, with ad-
ditional contributions from other Uni-
versity of Arizona (UA) researchers. *e 
book, Global Warming in the Southwest 
(GWS), is available at http://www.ispe.
arizona.edu/climas/pubs.html. *is article 
serves as an introduction to the book as 
well as an update on materials published 
since the articles were initially written. 

*e latest research papers and reports 
generally support the global warming 

Global warming in the Southwest: An overview

continued on page 3

projections, observations, and impacts 
described in GWS. If anything, they 
heighten the cause for concern. *e 
case for the Southwest facing extensive 
drought has gotten stronger. Similarly, 
more research concludes that the West 
faces future water shortages because 
of changing climate. *e connection 
between hot weather and widespread 
tree die-o) has been established more 
explicitly, as has the link between large 
wildfires and rising temperatures.

Temperature rise
*e warming trend that took hold 
during the past century, particularly 
since the mid-1970s, has gotten even 
more entrenched since the article series 
started in 2003. *e year 2005 went on 
to surpass 1998 as the world’s hottest 
year in the instrumental record. By the 
end of 2006, the 10 hottest years on re-
cord all had occurred within the past 12 
years, based on World Meteorological 
Association records from 1861. 

It’s unlikely that every year ahead will 
continue on this record-setting trend. 
A large volcanic eruption could cool 
things down globally for a year or two, 
as the Mount Pinatubo event in 1991 
briefly slowed the temperature rise 
in the early 1990s. Annual variability 
could provide temporary relief. Overall, 
however, temperatures are expected to 
continue shifting upward throughout 
the century, as long as society continues 
to add heat-trapping greenhouse gases 
to the atmosphere.  

*e Intergovernmental Panel on Cli-
mate Change (IPCC) projects average 
annual temperature in the Southwest 
could rise by about 4+ to 7 or more 
degrees Fahrenheit during this century 
(IPCC 2007 Summary for Policymakers). 
More details about the IPCC projec-
tions, considered the most reliable 
because they involve the consensus of 
hundreds of scientists, will be released 
in May. 

Arizona and New Mexico’s average an-
nual temperatures could both rise by 
7 degrees Fahrenheit throughout this 
century, based on another projection 
that applies information from 18 global 
climate models to the climate division 
scale (Southwest Hydrology, January/
February 2007). *at amounts to 
roughly 1 degree Fahrenheit every 14 
years. Summer temperatures could rise 
even more than winter temperatures by 
these projections, making parts of the 
Southwest even more intolerable between 
monsoon rains (see GWS, page 7).

A 1-degree Fahrenheit rise every 14 
years may sound dramatic considering 
it took a whole century for the world’s 
average annual temperature to rise by 
1 degree. But this projected rate of in-
crease is actually slightly slower than the 
rise Arizona experienced since the mid-
1970s, and only slightly higher than the 
increase New Mexico registered in that 
time frame (Figure 1). *ese observed 
values include warming from the urban 
heat island e)ect as cities expand. 

*e number of extremely hot days is 
also projected to rise over the decades, 
leaving parts of the region with heat 
waves lasting an extra two weeks by the 
end of the century (Proceedings of the 
National Academy of Sciences, Novem-
ber 1, 2005). Hot summers boost the 
demand for water and electrical cooling 
(see GWS, page 69). Even worse, heat 
waves can create health risks, especially 
among the frail elderly and young chil-
dren living in inner cities (Environmental 
Health Perspectives, May 2001). 

Drought
Drought has further extended its grip 
on the Southwest in recent years, de-
spite occasional excursions into times of 
plentiful precipitation, such as the win-
ter of 2004–2005 and the summer of 
2006. *e latest projections for South-
west precipitation o)er no relief in sight.
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GW overview, continued

 *e Dust Bowl years of the 1930s 
could become the new norm, based on 
results from 19 global climate models 
considered by Columbia University re-
searcher Richard Seager and colleagues 
(Science Express, April 5, 2007). *e 
projections suggest that the Southwest’s 
immediate future would look much 
like the peak years of 2000–2003 in the 
Southwest’s current drought. *ings 
would only get worse in time, by this 
projection.

*e IPCC also projects dry areas will get 
drier—in the Southwest and through-
out the subtropics (IPCC Summary for 
Policymakers, 2007). *is is a reversal of 
earlier projections in the 2001 IPCC 
summary that the Southwest might re-
ceive more rainfall as climate warms.

*e mechanism behind the updated 
projection relates to a global atmospher-
ic pattern known as Hadley Cell circula-
tion (Figure 2). Globally, rising hot air 
from the tropics eventually descends 
in the subtropics. *e high pressure of 
the descending air makes it di,cult for 
clouds to form. *is helps explain the 
seemingly endless supply of sunny days 
found in subtropical regions like the 
northern Africa, southern Australia and, 
of course, the U.S. Southwest.  

*e area under the Hadley Cell’s de-
scending air is projected to widen in 
years to come. As a result, the jet stream 
that transports rain and snow during 
winter and spring is expected to move 
poleward. In theory, the poleward pat-
tern could mean El Niño events might 
often fail to bring hoped-for rain and 
snow to the Southwest. In practice, that 
pattern might look a lot like this past 
winter, when Denver received record 
snowfall while Arizona’s dry winter 
pushed much of the state back into 
drought. *is projection adds another 
element to the debate over the future of 
El Niño, one that was not addressed in 
the original article on page 17 of GWS. 

Floods
A more northerly jet stream in summer 
theoretically might make it easier for 
the monsoon to reach the Southwest, 
on the other hand. *e jet stream can 
present a barrier to the monsoon’s 
northward progression from its origin 
in tropical Mexico (see the two chapters 
starting on page 20 of GWS).

*e monsoon operates at a scale smaller 
than that modeled by global climate 
models, making its future di,cult to 
predict. No trend toward increased 
rainfall during the Southwest’s mon-
soon season shows up in records for 
1950–2001, but there are a few reasons 
to suspect the monsoonal rainfall tallies 
could increase as land and sea tem-
peratures rise (see GWS, page 20). *e 
projected shift in the jet stream could 
strengthen that case. A strong monsoon 
can increase the potential for flooding 
during this annual summer event. 

However, even a strong monsoon gen-
erally does little to break long-term 
drought in the Southwest. 

*e stronger hydrological cycle that 
comes with global warming can pro-
duce seemingly paradoxical e)ects, in-
cluding more drought and more floods.  
Southwestern springs, for instance, 
have been featuring both heavier rains 
and drier soils, based on a trend analy-
sis of data from the past half century 
(Journal of Hydrometeorology, February 
2004). Higher temperatures increase the 
atmosphere’s ability to hold air moisture, 
as described in the climate regimes sec-
tion of GWS. Evidence indicates this 
projected increase in air moisture and 
extreme precipitation events already is 
occurring globally, as noted in the 2007 
IPCC Summary for Policymakers.

continued on page 4

Figure 1. Southwest temperatures have been rising, above. Since 1976, the average annual 
temperature increased by 2.5 degrees Fahrenheit in Arizona a) and 1.8 degrees Fahrenheit in 
New Mexico b), or 0.8 degrees and 0.6 degrees Fahrenheit a decade, respectively. Data was 
averaged from the respective states’ climate divisions by Ben Crawford, CLIMAS.
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*e IPCC summary also acknowledges 
a correlation since the 1970s between 
rising sea surface temperatures and an 
increase in intense hurricanes in the 
Atlantic, and possibly in other regions, 
although it notes the data is less reliable 
for other parts of the world (see GWS, 
page 26). Remnants of hurricanes from 
the East Pacific a)ect the Southwest, as 
described on page 29 of GWS. *ese 
tropical storms can blanket the region 
with days of rain, increasing the risk 
of large-scale floods compared to the 
smaller scale monsoon thunderstorms.

Impacts on water supply
*e growing consensus that the South-
west faces extensive drought in coming 
years leads to an increasing conviction 
that the region’s water resources will be 
strained. *e GWS chapters on water 
resources generally reflect that concern. 
However, two relevant publications 
worth noting have surfaced since then. 

Researchers Martin Hoerling and Jon 
Eischeid of the National Oceanic and 
Atmospheric Administration (NOAA) 
paint a dire picture of future Colo-
rado River flow (Southwest Hydrology, 
January/February 2007). *e authors 
note that the Palmer Drought Severity 
Index (PDSI) explains nearly two-thirds 
of the variability in the Colorado’s 
reconstructed natural flow near Lee’s 
Ferry. *ey used the average of 18 glob-
al climate models to model future PDSI 
values, then applied these estimates to 
predict future river flow. *ey conclude 
the Colorado’s annual flow could drop by 
half, on average, by about mid-century—
dire news, especially considering that 
almost every drop of the river’s current 
flow is already promised to somebody. 

On a brighter note, two of the lead 
researchers whose 2004 paper had sug-
gested the runo) trickling and streaming 
into the Colorado River might decline 
by an average of 16 percent in the com-
ing century updated their results (see 

GWS, page 36). *eir 2006 analysis has 
a somewhat more positive conclusion. 

*e paper by Niklas Christensen and 
Dennis Lettenmaier projected modest 
declines in Colorado runo) for the near 
future, through about 2040. By the 
end of the century, they projected the 
Colorado’s flow would drop by 8 to 11 
percent, depending on the IPCC emis-
sions scenario used (Hydrology and Earth 
Systems Sciences, 2006). 

“Everybody is consistent that there will 
be a downward trend, it’s just a matter 
of how much,” Lettenmaier elaborated 
in April, referring to theirs and others’ 
latest projections.  

*e di)erences from the 2004 paper 
relate mainly to di)erences in seasonal 
precipitation in the Upper Colorado 
River Basin as projected by the climate 
models they employed, which they se-
lected from the IPCC archive as appro-
priate models became available. While 
the 2004 climate model they used 

GW overview, continued

projected a slight shift from winter to 
summer precipitation, the 2006 models 
projected a slight shift in the opposite 
direction, from summer to winter. Such 
seemingly minor di)erences have a ma-
jor impact because the fraction of pre-
cipitation that ends up in streams and 
rivers is much higher in winter than in 
summer, Lettenmaier noted. 

Impacts of warming temperatures on 
groundwater resources remain even more 
di,cult to model or project than those 
on surface water supplies, but researchers 
worry about ongoing trends linked to 
snow cover decline (see GWS, page 39).

*e earlier snowmelt that had been 
projected already has been observed at 
many western sites, as described in a 
2005 article that documents how this 
change has been shifting the timing 
of rivers’ peak flows forward in time 
throughout much of the West (Journal 
of Climate, April 2005). *e fraction of 
precipitation falling as rain rather than 

continued on page 5

Figure 2. Hadley Cell circulation, above, illustrates how the rising air in the superheated tropics 
descends in the subtropics, which include the U.S. Southwest. The descending air creates high 
pressure zones that increase evaporation rates while restricting the development of clouds and 
rain. This circulation pattern is projected to intensify with global warming. Credit: Barbara Sum-
mey, NASA Goddard Visualization Analysis Lab
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Intermountain West Climate Sum-
mary
http://wwa.colorado.edu/products/
forecasts_and_outlooks/
intermountain_west_climate_summary/
January_2007.pdf

Southwest Hydrology 
http://www.swhydro.arizona.edu/
archive/V6_N1/

Hydrological Earth Systems Science 
paper by Christensen and Lettenmaier
 http://www.copernicus.org/EGU/
hess/hessd/3/3727/hessd-3-3727.pdf

“More Large Forest Fires Linked to 
Climate Change”
http://uanews.org/spots/sci-12868.html

“Underlying Cause of Massive Pin-
yon Pine Die-O! Revealed”
http://uanews.org/spots/sci-11731.html

snow also has increased, although some 
peaks in northeastern New Mexico have 
managed to evade this overall trend 
(Journal of Climate, September 2006). A 
January 2007 review article in the Inter-
mountain West Climate Summary goes 
into more detail about recent research 
regarding western snow cover and water 
resources (for link, see box at right). 

Landscape impacts
*e telltale signs of spring, including 
melting snow, have been arriving earlier 
in time around the world (see GWS, 
page 56). *e earlier arrival of spring 
could disrupt life cycles between paired 
species, such as plants and their pollina-
tors, or birds and their prey. *e prema-
ture snowmelt can allow soils to dry out 
sooner, increasing the risk of drought, 
insect invasions, and large wildfires. 

Temperature has the potential to spur 
on wildfires for many reasons, some 
of which are described in the chapter 
starting on page 62 of GWS. In 2006, 
researchers reported that the number of 
large western wildfires tends to move 
up and down with spring and sum-
mer temperatures based on U.S. Forest 
Service and National Park Services data 
from 1970–2003 (ScienceExpress, July 
6, 2006). *e ground-breaking paper 
by Anthony Westerling and colleagues, 
including the UA’s *omas Swetnam, 
linked the earlier snowmelt during 
warmer-than-average springs and sum-
mers to an increase in large, western 
wildfires especially since the mid-1980s. 

Researchers had also suspected high 
temperatures were linked to bark-
beetle outbreaks that damaged more 
than 3.5 million acres of southwestern 
ponderosa and pinyon pines from 2001 
to 2003 (see GWS, page 49). In 2005, 
UA researcher David Breshears and 
colleagues documented how high tem-
peratures served as an underlying cause 
behind an extensive piñon die-o) event 
in the Southwest (Proceedings of the 

GW overview, continued

National Academy of Sciences, October 
18, 2005). 

Striving for sustainability
And now for the good news. As the evi-
dence grows that the Southwest and the 
rest of the world face dire disruptions 
from global warming, politicians have 
joined scientists and activists to push for 
policy changes to reduce the greenhouse 
gas emissions behind the temperature 
rise and other chaotic climate changes.  

Governments from local to state levels, 
including Arizona and New Mexico, are 
setting goals for reducing greenhouse 
gases emissions. *e last section of the 
compilation describes some of these ef-
forts, (as well as some things individuals 
can do to reduce their own contribu-
tions to global warming). Employing 
wind energy, solar power, energy and 
water conservation, water harvesting, 
and forest mitigation all can increase the 
odds that society will be able to weather 
global warming. 

*e move to renewable forms of energy 
can even help the economy, as the chap-
ter in GWS on solar and wind energy 
illustrates. Regional e)orts to tap into 
alternative energy markets might help 
restore some of the U.S. presence in 
the solar and wind markets. Currently, 
these forms of renewable energy are so 
popular around the world that produc-
tion is not keeping up with demand. 

*e world market is gearing up for al-
ternative energy production and other 

“green” business ventures. Also, compa-
nies have been reaping savings by pursu-
ing conservation e)orts. Recently Wal-
Mart has found that putting sky lights 
in some of its stores not only saved 
money on energy bills, it also improved 
profits. Judging from reports in publica-
tions from !e New York Times to !e 
Economist, businesses are increasingly 
finding that going greener speaks to the 
bottom line as well as the greater good. 

Between the e)orts of governments, in-
dividuals, and businesses, the U.S. pub-
lic is starting to embrace the wisdom of 
reducing its collective greenhouse gas 
emissions. Increasingly, people are rec-
ognizing that stabilizing the global cli-
mate amounts to stabilizing the global 
economy. Americans release among the 
highest levels of greenhouse gases in the 
world, on both the per-capita and coun-
try level. So this country’s e)orts really 
can make a di)erence in how much the 
world warms in years to come.

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html
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A University of Arizona geosciences 
professor was among the world’s lead-
ing scientists to issue a recent climate 
change report that asserted for the first 
time that global warming is “very likely” 
driven by human activity. 

Jonathan Overpeck, director of the UA’s 
Institute for the Study of Planet Earth 
and a coordinating lead author of the 
United Nation’s latest Intergovernmen-
tal Panel on Climate Change (IPCC) 
report, said the document represents 
an international scientific consensus on 
climate change.

“,e most striking thing to me is that 
we now have presented a much clearer 
picture of climate change and its causes, 
both past and future,” Overpeck said. 

“,e word we used for the evidence of 
climate change and global warming 
is now ‘unequivocal.’ ,at is a very 
strong statement.”

,e assessment was released in Paris 
after 113 governments unanimously 
agreed to the language in the report. 

In the last IPCC report, issued in 2001, 
scientists concluded that industrial 
emissions “likely” caused a rise in tem-
peratures over the last century. ,at 
warming is manifested in observed in-
creasing air, deep ocean, and sea surface 
temperatures; melting snow, ice, and 
permafrost; and rising sea levels, said 
Overpeck, who also is a Climate Assess-
ment for the Southwest investigator. 

“All of these observations and others 
mentioned in the report are consis-
tent and give us a much firmer basis 
for asserting that climate change is 
indeed real and that warming has been 
significant,” he said. “I think everyone 
is pretty comfortable now in saying that 

Global warming determined to be “unequivocal”

continued on page 74

we see the climate change and that you 
cannot get the kind of climate 
change we’re seeing without 
human-generated green-
house gases.”

Scientists have ob-
served heat-trapping 
greenhouse gases 
in the atmosphere, 
particularly carbon 
dioxide and meth-
ane, at levels that far 
surpass those seen 
in the last 650,000 
years, Overpeck said. 
Unless steps are taken to 
curb these gases, droughts 
likely will become more fre-
quent. Hurricanes are projected 
to intensify, boosting the potential for 
destruction. Some areas, like the Mal-
dives in the Indian Ocean and Tuvalu, 
a nation of islands and atolls in the 
Pacific Ocean, could disappear if sea 
levels rise just three feet. Much more 
sea level rise will likely be unstoppable 
over coming centuries if global warm-
ing continues unabated. 

In the western and southwestern United 
States and in northern Mexico, climate 
models agree that winter precipitation 
will decrease sharply in this century, 
Overpeck said. ,e model projections 
also align with what has actually been 
happening in the region over the last 
several years. 

One reason for the drying out is that in 
the winter, the jet stream and the aver-
age position of storms will enter the 
western United States in a more north-
erly position, bypassing the Southwest, 
Overpeck said. On top of that, he said, 
the West has seen a steady downward 
trend in late spring snowpack because of 
warmer temperatures and earlier snow 
melt. Snowpack acts as the region’s 

natural water reservoir and is especially 
crucial in the dry period that follows 
winter. A decline in snowpack and 
streamflow would cut into water sup-
ply resources. And with warmer-than-
average temperatures continuing into 
summer, demand for water would spike 
further still. 

,e climate models are less certain when 
it comes to the future of the monsoon, 
the region’s primary source of summer 
precipitation, and the El Niño Southern 
Oscillation (ENSO), which is linked to 
variability in winter precipitation, Over-
peck said.

While the region is expected to dry out, 
it paradoxically is likely to see larger, 
more destructive flooding as hurricanes, 
also known as tropical cyclones or ty-
phoons, intensify in all of the oceans. 

,e largest floods in the Southwest tend 
to occur when a remnant tropical storm 
in the fall or late summer hits a frontal 
storm from the north or northwest, 
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providing enough energy to wring out 
the moisture in the remnant tropical 
storm, Overpeck explained. 

Overall, he said, the Southwest should 
brace for a number of far-reaching cli-
mate changes as the planet warms.

“You take all of these things together 
and you can clearly see in the report a 
strong case that the western U.S. and 
particularly the Southwest—Southern 
California into Texas—will probably be 
one of the hardest and soonest hit parts 
of the country,” he said.

Stephanie Doster is an information spe-
cialist for the Institute for the Study of 
Planet Earth. The SWCO feature article 
archive can be accessed at the following 
link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

Figure 1. Projected June–August temperature changes from 2091 to 2100.* 

Figure 2. Projected December–February temperature changes from 2091 to 2100.* 

Figure 3. Projected annual precipitation changes from 2091 to 2100.*

*Changes are relative to 1971–2000 averages. Credit: Three maps drawn by JL Weiss, UA; Data from 
Hoerling and Eischeid NOAA ESRL

Climate Change Projections 
http://www.geo.arizona.edu/dgesl/
research/regional/projected_US_
climate_change/projected_US_
climate_change.htm

IPCC
http://www.ipcc.ch/

Climate change and Southwest 
Hydrology
http://www.swhydro.arizona.edu/ar-
chive/V6_N1/

UA Global Climate Change Lecture 
Series podcasts
http://podcasting.arizona.edu/
globalclimatechange.html

Jonathan Overpeck ISPE webpage
http://www.ispe.arizona.edu/about/
sta-/peck.html

UA News release on IPCC report
http://uanews.org/cgi-bin/
WebObjects/UANews.woa/5/wa/
MainStoryDetails?ArticleID=13547

Related Links
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Southwestern drought regimes
might worsen with climate change
Will long-term drought in the South-
west be the rule or the exception as
the global climate warms? That’s a
tough question, because the answer
requires a long-range projection
based on a climate change that has
not yet fully manifested. But there are
indications that drought and other
extreme events will become more
common in a warming world—even
if precipitation in the Southwest actu-
ally increases, as arguably could be
expected.

The global warming trend that clima-
tologists and physicists have long pre-
dicted because of a build-up of green-
house gases began in earnest in the
past quarter of a century, and evi-
dence indicates it will accelerate (see
sidebar on page 3).

Just how the warming might influ-
ence drought regimes was the topic
of a workshop discussion that drew
about 60 scientists to Tucson in mid-
November. Although the group noted
that our existing level of understand-
ing prevents accurate predictions of
expected precipitation changes by re-
gion, they agreed there was much
cause for concern because of the glo-
bal implications.

“Global warming contributes to more
drying and heat stress. Going along
with the consequences of drought in
summer are heat waves and wild-
fires,” noted Kevin Trenberth, a senior
scientist who heads the Climate
Analysis Section for the National Cen-
ter for Atmospheric Research.

Trenberth co-organized the drought
workshop along with Jonathan
Overpeck, the director of the Institute
for the Study of Planet Earth (ISPE) in
Tucson. While Trenberth focuses on
understanding climate processes using
computer models and in providing a
conceptual framework for observations
of drought, Overpeck specializes in us-
ing past climates to reveal patterns of
climate variability.

“The more we look, the more we find
megadrought,” noted Overpeck. Like
drought, megadrought doesn’t have
one specific definition, but typically it
refers to droughts that persist for de-
cades in one region. “From the perspec-
tive of the past, we know that droughts
in excess of even 20 years have occurred,
so that’s a possibility in the future.”

Based on workshop discussion and
other input, there are two main ways
in which global warming could affect
drought regimes:

1) Greater heating leads to higher
evaporation rates and higher
temperatures that boost the
atmosphere’s ability to hold mois-
ture. This speeds up the hydrologi-
cal cycle, leading to more drying as
well as more high-intensity rainfall
and snowfall events.

2) More importantly but less predict-
ably, changes in sea surface tem-
peratures affect the oceanic cycles,
such as El Niño, that apparently
dictate where the large-scale
drought events predominate.

CLIMAS
Southwest Climate OutlookSouthwest Climate OutlookSouthwest Climate OutlookSouthwest Climate OutlookSouthwest Climate Outlook

Integrating science! policy! and community

December "##$December "##$December "##$December "##$December "##$

continued on page 2

Ramped-up water cycle
Changes in evaporation rates with
temperature are fairly predictable.
More incoming solar radiation is
used up in evaporation than in
warming the Earth’s surface,
Trenberth noted, and the atmosphere’s
water-holding capacity increases by
roughly 4 percent for each rise of 1
degree Fahrenheit.

All those sunny southwestern days
lead to high evaporation rates here in
winter as well as summer. Even
higher evaporation rates might jeopar-
dize the recharging of groundwater,
and also make southwestern forests
even more susceptible to catastrophic
wildfires.

Surface water supplies could also suf-
fer, although that is less predictable
because of the expectation for more
precipitation in a warmer world.
Higher evaporation rates over the
ocean translate to more precipitation
over land as well as sea, although the
effect will surely vary by region. In
addition, climatologists expect to see
more high-intensity events that do not
necessarily soak into the soils, but
could help rivers flow more often.

Summer monsoon rain events in the
Southwest often fall into the intense
category, with sudden downpours
that can fill rivers and even streets in
the short term. But the effect is so
short-lived that monsoon rains gener-
ally do little to boost groundwater
supplies. Winter precipitation—with
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snowfall being particularly important
to Southwest water supplies—tends to
involve less-intense several-day events
over larger areas than the splashy, lo-
calized summer rainfall.

Even if the Southwest does receive
more precipitation overall, there’s still a
chance of getting more droughts be-
cause of the other changes. In fact,
workshop participant Russell Vose pre-
sented evidence that the higher tem-
peratures may already be impacting
drought incidence in the Southwest.

“Temperature, in theory, could have a
very significant impact on the extent
of area under drought,” he said. Jay
Lawrimore, Vose, and some of their
colleagues at the National Climatic
Data Center (NCDC) in North Caro-
lina decided to test the theory by
comparing the actual U.S. area under
drought from 1998 through 2002 to
the theoretical area that would have
been under drought if temperatures
had not risen as abruptly as they did
during the last few decades of the
20th century.

In an analysis applying the Palmer
Modified Drought Index to the Four
Corner states identified as the South-
west (Arizona, New Mexico, Colorado
and Utah), they estimated that about
one-fifth less of the land area would
have experienced severe to extreme

drought from 1998 through 2002 if
temperatures had remained on its pre-
1976 track. As it was, about three-
fifths of the Four Corners land area fell
under severe to extreme drought at
some point during that five-year time
period.

Vose and his colleagues also noticed a
national trend for increased precipita-
tion during the last 50 years of the
past century. Further, they reported
that other NCDC analyses indicated
that extremely wet months were in-
creasing even more than extremely
dry months in six of the nine regions
of the United States, including the
Four Corners region.

In addition to spawning more precipi-
tation, a warmer climate likely pro-
duces more rainfall relative to snow-
fall, while warmer spring seasons
could cause more rapid snowmelt.
So along with drought, floods could
well become more frequent as the
world warms.

In fact, a 1,000-year climate recon-
struction for the Southwest supports
the old adage that droughts end with
floods, reported Malcolm Hughes of
the University of Arizona’s Labora-
tory of Tree-Ring Research (LTRR).

“Please notice that in all of these peri-
ods, sustained drought is followed by

a sustained wet period,” Hughes in-
structed, referring to the half a dozen
intense, prolonged southwestern
droughts scattered throughout the
millennia in the climate reconstruc-
tion he prepared with LTRR colleague
Fenbiao Ni and others. (CLIMAS pro-
vides reconstructions for Arizona and
New Mexico climate divisions at
http://www.ispe.arizona.edu/climas/
research/paleoclimate/product.html..)

Oceanic influences
While the atmosphere moves lithely
around the globe, discharging mois-
ture within about nine days of its cap-
ture, the ocean moves on slower time
scales that can be measured in years,
decades, even millennia. But scientists
are still working out numerous details
involving the ocean’s role in climate.

El Niños, which are particularly im-
portant for Southwest winter precipi-
tation, typically occur every three to
seven years, but evidence indicates
that the frequency of El Niños can vary
through time.

El Niño tends to bring periods of
above-average precipitation to the
Southwest, while its counterpart, La
Niña, brings dry spells even more pre-
dictably. El Niño conditions occur
when a warm tongue of surface water
reaches the eastern tropical Pacific,
while La Niña conditions describe
times when the warm pool remains
particularly concentrated in the west-
ern tropical Pacific.

Although our understanding of the El
Niño phenomenon has grown enough
to allow prediction of its arrival
months ahead of its influence, the de-
tails remain uncertain for what to ex-
pect with a warmer climate.

“I think it’s clear that El Niño will be
changed as the climate changes,”
Trenberth said. “And our observations
of El Niño suggest that it has changed
in the past 20 years. However, our cli-
mate models, which we like to use to

Climate Change, continued

Precipitation events tend to come in more intense bursts in warmer climate, as illustrated

by this bar graph from 100 weather stations around the world. Seasonal precipitation for

all locations averages about 9 inches (230 millimeters). Yet precipitation in the warmer lo-

cales was more likely to arrive in heavy (greater than 40 millimeter) or extreme (greater

than 100 millimeter) events compared to the cooler locales. Temperature ranges were

converted from Celsius and are approximate values only. Source: Karl, T., and K.

Trenberth. 2003. Science, 302:1719–1723. Reprinted with authors’ permission. continued on page 3
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Climate Change, continued
verify that these two things are re-
lated, are really not up to the task at
the moment.”

“Coupled” computer models try to
recreate the atmospheric-ocean link,
but with limited success. For instance,
changing atmospheric temperature
even in coupled computer models is
not enough to reproduce some of the
decades-long droughts of the past.
Modelers must instead specify ob-
served sea surface temperatures as
well to recreate these droughts. This
highlights the importance of the ocean
but also signals our lack of under-
standing about what causes sea
changes.

An increase in intense El Niño events
in the past quarter century, along with
an expectation of more frequent and
stronger El Niños in the future, sup-
ported a conclusion by a regional
panel that climate change would bring
more precipitation to the Southwest.
The Southwest Regional Assessment
Group, co-chaired by then-ISPE
Deputy Director William Sprigg, used
this premise to predict other future
changes in their 2000 report (available
online at http://www.ispe.arizona.edu/
swassess/).  However, some climate
models show an increased frequency
of El Niño during cooler time periods.

The question is further complicated by
evidence that all of the world’s oceans
have been warming since about the
middle of the 20th century, as reported
in a March 24, 2000, Science article by
Sydney Levitus and colleagues at the
National Oceanographic Data Center
in Maryland. Their finding indicates
that the ocean warming preceded the
atmospheric warming trend that be-
gan in full swing in the mid-1970s.

This indication that oceanic warming
preceded atmospheric warming makes
perfect sense to Trenberth, who sus-
pects the high sea surface tempera-
tures measured during the strong El
Niño of 1997–1998 helped put 1998
down in the books as the hottest year

EEEEEvidvidvidvidvidence Of Globalence Of Globalence Of Globalence Of Globalence Of Global
WarmingWarmingWarmingWarmingWarming

The 1990s and some of the years that
followed contained an abundance of
exceptionally hot years, as judged by
both the instrumental record and
longer records reconstructed from tree
rings, corals, ice cores, and other natu-
ral archives of temperature.

By all accounts, global mean annual tempera-
tures since about the mid-1970s have been above
average. Since about 1976, the rate of atmospheric warming has tripled
the 20th century average global rate of about 1 degree Fahrenheit per
century, as captured by analyses by Russell Vose and his colleagues at
the National Climatic Data Center.

And given the continuing input of greenhouse gases entering the atmo-
sphere from industry, vehicles, and deforestation, scientists expect the
warming trend to continue and even accelerate throughout the 21st cen-
tury. Greenhouse gases like carbon dioxide and methane basically trap
some of the sun’s heat that would otherwise escape from the atmo-
sphere out into space.

The Intergovernmental Panel on Climate Change projects the influx of
greenhouse gases will spur a rise in global temperatures by roughly 2 to
10 degrees Fahrenheit by 2100.

on record, as the heat moved from the
ocean to the air. Interestingly, this
high-magnitude event quickly
switched into a high-intensity La Niña
event from 1998–2002, which contrib-
uted to drought conditions in the
Southwest.

Martin Hoerling, another workshop
participant, published a paper in the
January 31, 2003, issue of Science at-
tributing the severity of the 1998–2002
drought—which spanned southern
Europe and Southwest Asia as well as
the southwestern United States—to
persistently warm sea surface tem-
peratures in the western Pacific and
Indian oceans during this time frame.

If warm temperatures in the Pacific
can strengthen both sides of the El
Niño cycle, the theory that a warming
climate will bring more extreme
events gains strength. The uncer-
tainty about how ocean cycles might

change with the continued warming,
in turn, fuels concerns that the global
climate could make an “abrupt” shift
to a new state—a quantum leap that
would force scientists to re-evaluate
the current system of knowledge
about climate.

“In terms of abrupt climate change, we
now think that it’s the wild card of
global warming or future climate
change,” Overpeck said. “There is
good reason to suspect that with cli-
mate change, the tropical Pacific sys-
tem could change abruptly in ways
that we can’t yet anticipate.”

–Melanie Lenart, CLIMAS

Next month! the newsletter will
address how other oceanic trends!
the Atlantic Multidecadal Oscilla%
tion and the Pacific Decadal Oscil%
lation! can influence Southwest
climate&
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Scientists look to ocean for clues about drought

BY MELANIE LENART

The landlocked Southwest does not

escape the ocean’s reach. Although

scientists continue to untangle how

these sea changes affect southwestern

climate, what they’ve learned so far is

chilling. Both the Pacific and Atlantic

Oceans appear aligned to favor long-

term drought in the Southwest.

These are the major oceanic fluctua-

tions that appear to influence regional

climate:

• The El Niño Southern Oscillation

(ENSO), centered in the tropical

Pacific. While “El Niño” (and its

opposite, La Niña) relates to

changes in sea surface tempera-

tures, the “Southern Oscillation”

refers to the associated patterns of

atmospheric pressure over the

tropical Pacific.

• The Pacific Decadal Oscillation

(PDO), identified by changes in

sea surface temperatures further

north in the Pacific Ocean.

• The Atlantic Multidecadal Oscilla-

tion (AMO), identified by changes

in sea surface temperatures aver-

aged over the North Atlantic from

the equator to 70º North.

If ENSO is the poster child of oceanic

influences on climate, the AMO and

PDO are the new kids on the block.

Scientists began only in the mid-1990s

to document the relation between

North American climate and the long-

term Atlantic changes captured by the

AMO. They are still hammering out a

consensus on its features, its climatic

effects, and whether it even exists as

an identifiable physical process. Simi-

larly, researchers are still trying to pin-

point the reasons for PDO fluctuations

and the scale of its reach.

The index researchers use to detect the

AMO is actually a 10-year running

mean of North Atlantic sea surface

temperature, and its climatic effects do

not show up in year-to-year analyses.

They only emerge when climatic data

are lumped together into decades, a

process known as smoothing because

it reduces year-to-year spikes.

But the correlation between long-term

drought in the continental United States

and the AMO warm phase appear real

enough in both the instrumental record

and longer records based on tree rings

and other proxies, noted Julio

Betancourt, one of the scientists at the

forefront of this research. Betancourt is

a researcher at the U.S. Geological

Survey’s Desert Laboratory in Tucson.

“If the North Atlantic warms, then

you’re nailing summer precipitation

across much of the continent. Drought

in May and June, the peak months of

precipitation in the Plains and Front

Range, can be followed by a weak mon-

soon season across the Southwest in

July and August,” Betancourt explained.

Unlike the AMO, the Pacific Decadal

Oscillation does show up in tests for

annual effects on climate, although it’s

still unclear whether the PDO rates as

its own phenomenon or merely serves

as a memory bank of dominant ENSO

patterns. The “cool” phase of the PDO

is associated with low precipitation in

the Southwest, especially during the

winter—much like an extended La

Niña event.
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continued on page 2

But while ENSO typically switches

from El Niño to La Niña conditions

and back again within three to seven

years, the PDO and AMO take more

like three to seven decades to go full

circle.

When a “cool” PDO phase lines up

with a “warm” AMO phase—as it did

in from 1998 to mid-2002—the result

can be year-round, persistent drought

in the Southwest, Betancourt said (see

Figure 1).

This “double-whammy” effect also

helps explain how things got so dry

during the 1950s drought, Betancourt

indicated. The proportion of South-

west area besieged by drought

neared 100 percent (see Figure 1)

before the welcome relief carried in

by a strong El Niño event in 1957–58.

For this analysis, the Southwest in-

cludes Arizona, Colorado, New

Mexico, Utah, and parts of Texas and

southern Oklahoma.

The AMO moved into a warm phase

in 1995, just before precipitation in

Arizona and New Mexico began to

falter. The PDO switched into a “cool”

phase in the summer of 1998.

On a positive note, the PDO has

switched back into gray territory, for

the moment at least. In August 2002,

values switched from negative to posi-

tive, according to an index posted on

the National Oceanic and Atmo-

spheric Administration website.

Positive PDO values can mean good

news, heralding a Southwest-friendly

“warm” phase, when maintained for

the better part of a decade or so. But

14
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Betancourt doesn’t believe the South-

west will be released from the current

drought’s stranglehold quite so easily.

One phase of the PDO typically lasts

about 20 or 30 years, while one phase

of the AMO usually lasts about 30 or

40 years.

Still, the research to identify the mecha-

nisms behind the oscillations—and

therefore improve the chances of using

these indices for long-term climate fore-

casting—remains in the early stages.

 “On a decadal basis, it comes up very

clear. But the AMO and PDO oscilla-

tions are so long. We don’t know what

the mechanisms are that make them

shift,” noted U.S. Geological Survey

researcher Gregory McCabe, who is an

author with Betancourt and others on

an upcoming paper describing how

AMO and PDO patterns relate to long-

term drought frequency in the United

States.

McCabe believes researchers eventually

will discover a physical reason behind

the oceanic oscillations. On the other

hand, those who see the PDO as a long-

term expression of ENSO variability

rather than a physical process in its

own right include Michael Dettinger, a

U.S. Geological Survey researcher and

co-author with McCabe on a 1999 ar-

ticle that related ENSO to the PDO.

When heat is concentrated in the tropi-

cal Pacific, as during an El Niño event,

a side effect is a cooling of the north-

ern Pacific, Dettinger explained. The

situation generally reverses during a

La Niña event. The PDO phase reflects

whichever ENSO phase has been most

dominant when measured over de-

cades instead of year to year, he sus-

pects.

“The North Pacific is like a huge fly-

wheel that takes a long time to spin up

and get going in that direction,” he

added. “But once it gets going, it takes

a long time to wind down.”

Of the two long-term oscillations, the

PDO has the advantage of having an

Drought clues, continued

Figure 1. Opposing shifts in tropical Pacific and North Atlantic Ocean temperatures may

foretell persistence of disastrous, multiyear droughts across the North American conti-

nent. During most of the 1950s, drought conditions characterized the Southwest (top),

which in this analysis includes Arizona, New Mexico, Utah, Colorado and parts of Texas

and Oklahoma. The gray shading shows the same time frame in all figures, including

those of two indices that appear linked to long-term drought in the Southwest, the PDO

(middle) and AMO (bottom). The indices returned to their 1950s pattern in 1999, which

some see as an ominous sign that long-term drought may be in store. All figures provided

by Julio Betancourt.

identifiable relation to Southwest cli-

mate. Dettinger believes the climatic

effects hold regardless of whether the

PDO is a separate process from ENSO.

“The Southwest and western North

America get most of our weather from

the winds and storms and jet streams

that come across the North Pacific to

reach North America,” he said. “What

that means is that even if the PDO

were solely driven by the ENSO pro-

cess, the shape that those processes

give to the North Pacific is the most

immediate source of our weather.”

The naming of PDO phases follows

ENSO conventions, with a “cool”

event referring to relatively cool sea

surface temperatures extending from
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the tropical Pacific along the western

U.S. coast, and relatively warm sea

surface temperatures across the major-

ity of the North Pacific. So, despite the

nomenclature, the Southwest suffers a

lack of precipitation when warm sea

surface temperatures dominate (on a

decadal scale) in the northern waters

of both ocean basins.

In contrast, the relatively cool sea sur-

face temperatures that occur in the

northwestern Pacific during a “warm”

event displace the jet stream south-

ward, generally to the advantage of

Arizona and New Mexico. In addition,

the associated warm tongue of water

along the West Coast, which comes up

from the tropics, supplies moisture for

storms.

“The Pacific has really ruled our think-

ing for the last few decades,” Betancourt

said. It’s more difficult for scientists to

accept the idea of an Atlantic influence

on Southwest climate because prevail-

ing winds in the mid-latitudes come

from the west and southwest, rather

than the east, he added. But he believes

the strong correlations he and others

are finding between AMO patterns and

decadal drought will prove convincing

in the end.

David Enfield, an oceanographer with

the National Oceanic and Atmospheric

Administration and one of the first re-

searchers to examine the climatic ef-

fects of the AMO, suspects the Atlantic

changes influence climate by changing

the steering pattern for weather over

the continent at 500 millibars (at about

16,000 feet on average). As he and col-

leagues reported in a 2001 article, the

AMO warm phase is associated, for the

southern portion of the continent, with

a higher than usual atmospheric ridge

over the West Coast and increasingly

lower pressure in an eastward direction.

Enfield has also found correlations be-

tween the AMO and ENSO patterns.

In fact, all three oceanic fluctuations

appear to influence each other to vary-

ing degrees in ways that are difficult

to isolate in time and space.

How might climate change affect these

fluctuations? At this point, climate

models give mixed results even when

predicting how global warming might

affect ENSO, which is understood and

accepted much more than the PDO

and AMO. So the jury is out when it

comes to predicting the effect of global

warming on oceanic fluctuations in

general.

“We don’t even have the first prin-

ciples down,” noted Dettinger, allud-

ing to the mechanistic principles gov-

erning these oceanic oscillations. “So

until we get that down, I don’t expect

to see accurate predictions of what

would happen with global warming.”

Still, it’s interesting to consider that

the Intergovernmental Panel on Cli-

mate Change generally expects atmo-

spheric warming to be greater in

northern latitudes than in the tropics.

As noted earlier, relatively warmer sea

surface temperatures in the North At-

Related ReadingRelated Reading

Related ReadingRelated Reading
Related Reading

Newsletter articles

“PDO: Where will the footprints lead?” END InSight news-

letter story available at http://www.ispe.arizona.edu/

climas/forecasts/articles/PDO_Oct2002.pdf

“Predicting El Niño,” END InSight newsletter story available at

http://www.ispe.arizona.edu/climas/forecasts/articles/predictelnino_Dec2002.pdf

“Southwest drought regimes might worsen with climate change,” Southwest Cli-

mate Outlook newsletter story available at http://www.ispe.arizona.edu/climas/

forecasts/articles/climatechange_Dec2003.pdf

Websites

National Oceanic and Atmospheric Administration website to access indices for

ENSO, PDO, and AMO, among others:  http://www.cdc.noaa.gov/ClimateIndices/

Journal articles

Delworth T. L., and M. E. Mann. 2000. Observed and simulated multidecadal vari-

ability in the Northern Hemisphere. Climate Dynamics 16:661–676.

Enfield D. B., A. M. Mestas-Nuñez, and P. J. Trimble. 2001. The Atlantic multidecadal

oscillation and its relation to rainfall and river flows in the continental U.S.  Geophysi-

cal Research Letters 28:2077–2080.

Gray S. T., J. L. Betancourt, C. L. Fastie, S. T. Jackson. 2003. Patterns and sources of

multidecadal oscillations in drought-sensitive tree-ring records from the central and

southern Rocky Mountains.  Geophysical Research Letters 30:1316–1320.

McCabe G. J., M. D. Dettinger. 1999. Decadal variations in the strength of ENSO

teleconnections with precipitation in the western United States.  International Journal

of Climatology 19:1399–1410.

lantic and North Pacific do not bode

well for Southwest precipitation.

On the other hand, an increase in El

Niño frequency or intensity—which

many researchers expect based on their

admittedly incomplete understanding

of the process—could improve South-

west precipitation patterns both at the

annual scale of ENSO events and the

decadal scale of the PDO.

Given the uncertainty, Southwest

residents would do well to assume

the worst when it comes to making

preparations for drought, McCabe

suggested.

“It seems that we’ve been living in an

anomalously wet period,” McCabe

said. “If we even go back to normal,

are we going to be able to withstand

it? It’s kind of frightening now, with

increased population and water de-

mand. It will be interesting to see how

we survive a 1950s-like drought.”
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)e Southwest has always had its appeal 
for gamblers. In the Old West, gun-
slingers frequented saloons to play poker 
games like )ree Card Monte, un-
daunted by the prospect of taking a bul-
let for a questionable winning streak. In 
modern times, Black Jack players from 
distant counties flock to the casinos 
sparkling through the night on tribal 
lands, praying for a reign at the table.           

In the desert, there’s another gamble 
that we all take: Will the rains that have 
sustained us in modern times continue 
to replenish our water supplies? Will 
global warming deal us a losing hand, 
with the coming decades bringing us 
more dry wells and shrinking lakes? 
Place your bets.  

If climate is your strong suite, it will 
come as no surprise that the fate of 
southwestern water supplies rests largely 
in the hands of El Niño—and El Niño 
remains a wild card in the context of 
climate change. If El Niño events pre-
dominate, as they did during a wet pe-
riod from about the mid-1970s through 
the mid-1990s, southwestern reservoirs 
and aquifers alike could benefit from 
the general boost to winter precipitation 
(Figure 1). But if La Niña events domi-
nate as they did during the drought 
years 1998 until 2002, the growing 
population of the Southwest could be in 
for some dry times (Figure 2). 

When trying to predict the general cli-
mate of the next several decades, argu-
ments have been raised for a wide range 
of scenarios, including dominance by El 
Niño, an overall trumping by La Niña, 
stronger fluctuations between the two, 
and weaker events for both conditions.             

Climate models conflict
“)e bottom line is we don’t know what 
climate change will do to El Niño,” continued on page 18 3

explained Henry Diaz, a climatologist 
with the National Oceanic and Atmo-
spheric Administration’s Climate Diag-
nostics Center. “Most general circula-
tion models, in fact, don’t have a good 
representation of the El Niño phenom-
enon—although the latest models are 
showing substantial improvements.” 

Modeling El Niño is particularly chal-
lenging because it requires “coupling” 
the ocean and atmosphere into an inter-
active system. Trade wind activity helps 
define El Niño, which is why climatolo-
gists prefer to call the linked ocean and 
atmospheric system by one phrase, the 
El Niño–Southern Oscillation (ENSO). 
)e linkage is easier said than done in 
climate models.  

Several climate models project an even-
tual dominance by El Niño events, but 
often for di*erent reasons, as the Inter-
governmental Panel on Climate Change  
noted in its latest report in 2001. )is 
international consortium of scientists 
resisted reaching a conclusion about 
whether El Niño will hold sway. )e 
panel pointed to more ambiguous mod-
els and an analysis by Mark Cane and 
his colleagues that showed the potential 
for a La Niña-like response from the 
warming temperatures for at least a few 
decades to come.      

While considering how these patterns 
might fluctuate with global warming—a 
speculative venture in any case—it’s use-
ful to consider how the patterns work 
now. During El Niño events, the Peru-
vian side of the tropical Pacific Ocean 
tends to register higher-than-usual 
temperatures at the ocean surface along 
with a slackening o* of easterly winds. 
During La Niña events, the sea surface 
temperatures in the same region tend 
to run even cooler than usual, with the 
associated strong easterly winds pushing 
away the warm surface layer and expos-
ing the cooler waters below.       

Warm sea surface temperatures tend to 
generate storm clouds, while anchoring 
winds direct where the clouds travel. 
Along with the tropical trade winds, 
which flow east to west near the equa-
tor, El Niño fluctuations influence the 
mid-latitude westerly winds. )e west-
erlies flow from the Pacific across the 
continental United States, favoring the 
Pacific Northwest during La Niña years 
and the Southwest during El Niño years.  

A shifty character
However, the degree to which El Niño 
influences specific regions can change 
in time, according to a 2001 Interna-
tional Journal of Climate paper by Diaz 
and two colleagues comparing ENSO 
impacts on many regions of the globe. 
Using the most reliable instrumental re-
cords for land (and thus going back only 
to 1948), they saw shifts in the charac-
ter of El Niño impacts. 

“It’s not your grandfather’s El Niño 
anymore,” as Kevin Trenberth, an at-
mospheric scientist with the National 
Center for Atmospheric Research, put 
it. El Niño could undergo additional 
character changes as the climate warms, 
he suggested.  

Diaz noted that it could take decades or 
more before El Niño settles into a mode 
characteristic of a global warming pat-
tern. “We don’t know the exact shape of 
the form that it will take,” he added.  

El Niño: a wild card for climate change impacts
Place your bets on El Niño’s influence in the Southwest
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El Niño, continued

continued on page 194

In the meantime, the debate about 
how the ocean system will react in the 
next few decades to the ongoing global 
warming seems to revolve around two 
alternative lines of thinking: One is that 
stronger and/or more frequent El Niño 
events could predominate and serve as 
a means for cooling the planet in the 
long run, as much of the heat released 
from the ocean during El Niño years 
eventually makes it way out into space. 
)e other is that a predominance of La 
Niña events could help the planet strive 
for equilibrium in the face of the global 
warming, with the ocean basically ab-
sorbing some of the incoming heat into 
deeper waters while presenting a cooler 
surface to the atmosphere.

El Niño vs. La Niña
Saturday Night Live fans may remem-
ber a skit where Chris Farley played El 
Niño (translation: “)e Ninyo”) as a 
leotard-clad boxer ready to rule the ring. 
Images like this helped popularize the 
term in the 1990s—as did the domi-
nance of the real El Niño in the Pacific 
between 1990 and 1995 and again in 
1997 through 1998.   
  
)e predominance and strength and 
evolution of El Niño events since about 
1976 has been highly unusual in the 
record since 1880, Trenberth argues. 
He and others made this case in papers 
released in 1997 and 1998, before the 
extreme El Niño event that spanned 
those years made the record books, and 
in a subsequent Journal of Climate paper 
in 2001.   

Many view the mid-1970s as a turn-
ing point, a time when global warming 
from human activities such as burning 
petroleum products and forests re-
ally took root. Some call this turning 
point the 1976–1977 climate shift. )e 
predominance in El Niño conditions 
since the mid-1970s might suggest an 
influence from human-launched global 
warming, Trenberth indicated. If so, this 
could imply that El Niño might remain 

dominant if the atmosphere continues 
to heat up as projected.  

On the other hand, Mark Cane and 
others have argued that El Niño events 
in the late 19th century were on a par 
with recent decades.
  

“In many ways, the El Niño of 1877 was 
certainly far more destructive and had 
more serious consequences than any of 
the recent ones,” explained Cane, a cli-
matologist with Columbia University’s 
Lamont-Doherty Earth Observatory. 
He noted that it appears to have con-
tributed to the failure of the Indian 
monsoon that year, among other deadly 
disasters.  

Cane points to evidence in records 
of fossil corals to argue that ENSO 
fluctuations have varied throughout 
the centuries and even millennia, with 
the latter based on spotty individual 
coral segments that date back as far as 
130,000 years. Some of the century-
scale results imply a predominance of 
La Niña events during previous warm 
periods, Cane suggests. 

Will El Niño rule?
Several lines of analysis agree that El 
Niño serves to release heat from the 
ocean, with the short-term e*ect of 

warming the atmosphere but the long-
term e*ect of cooling the planet. 

Like others before and after them, Diaz 
and colleagues found the tropics reg-
istered the most warming during El 
Niño events of the past half a century. 
)e Tropics of Cancer and Capricorn 
delineate the 40 percent of the planet 
that seasonally faces the sun head-on, 
thus receiving the full blast of its power 
without any angling to soften the blow. 
Meanwhile, they found the “extratropi-
cal” regions showed more variability, 
typically registering either average or 
even cooler-than-average temperatures.  

Trenberth has pointed out that the 
record-breaking temperatures of 1998 
occurred as an El Niño event that 
started in 1997 and stretched into 1998 
as well. )e year 1998 was the warmest 
year on record globally, with 2005—
which featured a  weak atmospheric El 
Niño event—shaping up as a contender 
for either the top spot or second-hottest 
year in the instrumental record.  

In the long run, though, El Niño even-
tually releases into space some of the 
heat that had been stored in the planet’s 
oceans, climatologists agree. In fact,    

Figure 1.  During El Niño years, all climate divisions in Arizona and New Mexico tend to receive 
above-average winter precipitation, as shown above. Values represent the percentage of De-
cember–March precipitation falling during El Niño years compared to non-El Niño years for the 
period 1895-1996. Source: adapted from NOAA Climate Predition Center material.
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El Niño, continued
El Niño serves to dissipate heat in three 
apparently coordinated ways, noted 
Trenberth in a 1998 paper with lead au-
thor De-Zheng Sun, with NOAA’s Cli-
mate Diagnostics Center. !ese include 
ocean dynamics that move warm water 
from the equator to the subtropics; at-
mospheric dynamics that export heat to 
the subtropics, sometimes in the shape 
of thunderstorms; and cloud cover that 
helps shield more of the eastern Pacific 
from direct sunlight.    

“!is raises the question of whether the 
very existence of El Niño arises from the 
need to move heat out of the equatorial 
Pacific,” as Sun and Trenberth wrote in 
Geophysical Research Letters. !e equato-
rial region within the tropics takes the 
most direct hits of sunlight of any re-
gion on the globe. 

!e case for La Niña 
Some propose that La Niña conditions 
could become more prevalent as the cli-
mate warms, at least for several decades. 
Cane’s 2004 review paper, !e evolution 
of El Niño, past and future, notes some 
researchers have found an increase in La 
Niña events during warm periods. 

In fact, an analysis he and others con-
ducted found the eastern equatorial 
Pacific—the location that most clearly 
signals El Niño events—was one of 
the few places on Earth that did not 
register an overall warming during the 
past century, he said. !is implies that 
upwelling from La Niña events helped 
counterbalance the global warming that 
registered almost everywhere else. How-
ever, he and others are still teasing out 
details that hint at di"erences in pat-
terns that could actually be consistent 
with a more El Niño-like nature in the 
latter half of the century, he wrote in an 
email message.

During the past, ENSO seems to have 
served as a means for the Earth system 
to mitigate the e"ects of short-term 
warming or cooling from changes in 

incoming solar 
energy or volcanic 
activity. For in-
stance, a Journal 
of Climate paper 
Cane wrote with 
lead author Mi-
chael Mann of 
the University of 
Virginia and others 
suggested El Niño 
events may have 
kept oceans warm-
er than expected 
in the late 17th 
Century, during 
the so-called Little 
Ice Age. 

Similarly, a predominance of La Niña 
events may have kept the ocean relative-
ly cool during the late 12th and early 
13th Centuries, during the so-called 
Medieval Warm Period, which appears 
to coincide with warmer European tem-
peratures at various points during its 
time span of roughly 900 to 1300 A.D. 
Tree-ring records show that drought 
dominated in the West during this time 
frame, as documented by Edward Cook 
of Lamont-Doherty Earth Observa-
tory and colleagues in a 2004 paper 
in Science. In fact, one of four lengthy 
droughts during this time frame cen-
tered on 1150, when the ancestors of 
the modern-day Pueblo Indians aban-
doned their sophisticated city in Chaco 
Canyon, New Mexico.  

On the other hand, the period from 
1950 to 2000 looks a bit di"erent than 
the trend over the earlier part of the 
century, Cane acknowledged, making 
it di#cult to draw firm conclusions 
about how modern climate compares 
to earlier climate regimes. !e general 
warming during the late 12th and early 
13th Century probably resulted from 
more solar heating combined with 
fewer volcanic eruptions, he indicated. 
Meanwhile, climatologists attribute the 
modern warming mainly to an increase 

in greenhouse gases like carbon dioxide 
from burning oil, coal, gas and forests.      

“!e question is, then, does greenhouse 
warming work the same way? Is heating 
just heating, or does it make a di"erence 
if it’s solar heating or greenhouse heat-
ing?” Cane asked. 

!e fate of El Niño goes beyond a 
rhetorical question because of its huge 
impact on precipitation regimes in 
many regions of the world, includ-
ing the southwestern United States. 
Yet there is little we can do to alter El 
Niño’s uncertain fate in the short term. 
!e global warming set in motion par-
ticularly since the mid-1970s won’t be 
stopping anytime soon. Even if people 
changed their ways tomorrow, the extra 
heat already stored in the deep ocean 
would carry the warming out for many 
decades, analyses indicate. 

So, what’s in the cards for the El Niño, 
which generally dictates the Southwest’s 
water future? Place your bets. 

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

Figure 2: Arizona precipitation. Points represent October–
March precipitation tallies, with values from 1951–2003.
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Next month(s article will delve into 

some of the atmospheric processes 

a)ecting North American monsoon 

strength* 

Melanie Lenart is a postdoctoral re+

search associate with the Climate As+

sessment for the Southwest*
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!is is the second in a two-part series 
about how the monsoon might change 
with global warming. !is article focuses 
on some of the atmospheric influences 
on the North American monsoon. For 
last month’s article visit http://www.ispe.
arizona.edu/climas/forecasts/articles/
monsoon_June2005.pdf.

Some circumstantial evidence points to 
the possibility that global warming will 
yield stronger monsoons. Increases in 
sea surface temperatures, land heating, 
and air temperatures suggest the poten-
tial for an increase in summer rainfall.

Mystery solved? Not quite. -ere’s 
a plot twist: Atmospheric variability 
remains elusive when it comes to the 
North American monsoon, which 
funnels summer rainstorms into the 
Southwest. Because the description of 
atmospheric variability remains sketchy, 
climatologists are seeking more clues 
before they will guess how the monsoon 
will respond to climate change.

“-ere’s not much out there in terms of 
climate change and the monsoon,” not-
ed Arizona State Climatologist Andrew 
Ellis, alluding to the scientific literature 
on the North American monsoon. “I 
don’t think people have a great feel out 

there how (atmospheric) flow would be 
a.ected by climate change.”

-e North American monsoon has re-
mained unresponsive to warming—at 
least where it reaches into the south-
western United States (Figure 1). Ellis 
finds no evidence of a trend toward 
more rainfall during the southwestern 
U.S. monsoon season (Figure 2), even 
though the Earth’s surface has been 
warming for many decades. 

Lack of data complicates e.orts to 
unravel the mystery behind North 
American Monsoon variability. In a 
way, the southwestern U.S. is akin to a 
mere bystander—the main monsoon ac-
tion centers on Mexico’s Sierra Madres. 
While reliable U.S. data describing at-
mospheric activity exists from about the 
mid-20th century, comparable data in 
Mexico remains sparse to this day. 

Since early 2004, researchers with the 
North American Monsoon Experiment 
(NAME) have been launching weather 
balloons, analyzing data, and studying 
monsoonal thunderstorms in intensive 
bursts of coordinated activity in both 
Mexico and the Southwest, explained 
NAME project leader Wayne Higgins. 
-e project runs through 2008.

Meanwhile, satellites help fill in some 
of the missing puzzle pieces, but they 
provide only a few decades of data—a 
short time frame compared to some of 
the decades-long fluctuations that can 
influence monsoon strength. Even U.S. 
climate station data is considered short 
by these standards. 

Although climatologists traditionally 
turn to computer modeling for insight 
on future changes, the General Circula-
tion Models (GCMs) used to represent 
global climate are not yet up to the chal-
lenge for the North American monsoon. 

Inquiry into monsoon and global warming continues

continued on page 243

“-e current generation of models 
doesn’t do a good job of represent-
ing the monsoon, for a whole variety 
of reasons,” said Andrew Comrie, a 
Climate Assessment for the Southwest 
(CLIMAS) researcher. GCMs have trou-
ble modeling clouds, convection, and 
precipitation in general, he noted, in 
addition to using a spatial scale with no 
relevance to the monsoon. “It’s a recipe 
for not getting it right in the GCMs.” 
 
!inking outside the box
From a process perspective, global 
warming may a.ect some of the un-
derlying drivers of the monsoon—sea 
surface temperatures, land heating, and 
atmospheric moisture—as discussed last 
month. -e circumstantial evidence re-
garding the response of these drivers to 
global warming suggests a strengthening 
of monsoons around the world.

Long-term records support such an 
interpretation, showing the Asian mon-
soon tended to strengthen during warm 
episodes of the past, and weaken during 
cool periods (For example, see Nature, 
January 23, 2003). On the other hand, 
the immense size and height of the Ti-
betan Plateau make the Asian monsoon 
somewhat more predictable than the 
North American monsoon. 

-e sheer number and inherent vari-
ability of the factors a.ecting the North 
American monsoon make climatologists 
leery of predicting how it will respond 
to global warming. Comrie rattled o. 
half a dozen influences on the North 
American monsoon during a July 14 in-
terview in Tucson, when residents were 
still waiting for this year’s monsoon to 
begin. -e list includes sea surface tem-
perature and land heating, but also the 
influence of mid-latitude westerly wind 
patterns, tropical easterly trade winds, 
and global-scale descent of tropical air.

Troublesome twist: Atmospheric variables make prediction tough for summer rain

Figure 1. The U.S. region a!ected by mon-
soon is restricted to the Southwest. Graphic 
courtesy of Andrew Ellis.
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“-ey’re all connected and it’s all fluid, 
so it’s not like you’re moving cogs in a 
machine. -ere are just too many feed-
backs,” Comrie said. “It may be that 
there will be a dramatic change in one 
of these that overrides everything else. 
We don’t know.”

Changes in El Niño regimes could im-
pact the monsoon, for instance. El Niño 
tends to suppress monsoon strength in 
Mexico, Higgins said. El Niño’s damp-
ening of Arizona’s monsoon season is 
less noticeable but still detectable sta-
tistically, noted Klaus Wolter, a meteo-
rologist with the Climate Diagnostics 
Center in Boulder. 

Still, the El Niño advantage in mak-
ing skillful predictions of winter pre-
cipitation falls short when it comes to 
forecasts of summer rainfall, at least for 
the U.S. Southwest. What’s more, cli-
matologists are still debating how global 
warming might a.ect El Niño regimes. 

Too many leads to follow
Predicting monsoon behavior on a sea-
sonal scale poses a major challenge to 
climatologists, although experimental 
predictions by both Wolter and Ellis for 
a relatively dry season in Arizona this 
year seem to be panning out.

True, it’s almost certain the seasonal cy-
cle will kick in at some point with its ac-
companying thunderstorms. But rainfall 
rates fluctuate widely from year to year. 
In the southwestern U.S. dataset com-
piled by Ellis (Figure 2), average mon-
soon-season rainfall ranged from about 
3 inches (8.3 cm) in 1975 to more than 
9 inches (23.8 cm) in 1990.

Further, within that region, the distri-
bution of rainfall typically ranges from 
abundant to sparse in the same year. In 
particular, New Mexico and Arizona of-
ten seem to follow di.erent leads. 
 
Tropical dynamics
Suspects in the investigation include 

Monsoon, continued

continued on page 254

anything that might influence the posi-
tion of the signature monsoon “anticy-
clone” (Figure 3), including the climate 
features on Comrie’s list of factors 
a.ecting monsoon variability. Year-to-
year variability in southwestern summer 
rainfall relates in large part to the loca-
tion and size of this anticyclone. 

-e anticyclone itself goes by a variety 
of aliases, including the Four Corners 
High. -e high-pressure anticyclone is 
easier to define on weather maps (Figure 
3), but its presence means a surface low 
exists below. -e combination of a sur-
face low and an upper-level high defines 
monsoon circulation. 

-ese terms relate to how air flows in 
the atmosphere. Air may be invisible 
like a gas, but it flows in currents and 
moves in waves like fluid. While water 
will flow from mountaintop ridges to 
the low-lying valleys on the landscape, 
air will flow from areas of high pres-
sure—often called atmospheric ridges—
to “troughs” of low-pressure. 

Surface lows allow moisture to rise 
more freely in the atmosphere, increas-

ing their odds of forming the tower-
ing thunderclouds that can reach into 
the cooler heights needed to produce 
rainfall. Meanwhile, the descending air 
that characterizes highs generally limits 
precipitation. 

At the global scale, heated air rises in 
the equatorial region and nearby tropics 
that take the brunt of the sun’s incom-
ing punch. -e rising air loses steam 
and begins to descend by the time it 
reaches the subtropics—and to dry 
out as it warms on its way down, as 
descending air does. Climatologists call 
these global-scale ups and downs Had-
ley cell circulation. 

-is circulation pattern helps imprison 
the subtropics in dryness, as Hadley 
cell highs tend to suppress precipita-
tion. It’s no coincidence that the world’s 
deserts—including the Southwest’s 
Sonoran Desert—tend to be located in 
the subtropics, centered at around 30 
degrees latitude North and South.

-ose clear skies that distinguish the 
subtropics can cloud up during the 

Figure 2. Annual precipitation in the monsoon region during the monsoon season "uctuates 
widely by year, but the "uctuations show no ongoing trend toward an increase in seasonal rain-
fall in recent years. Graphic based on 1950–2001 dataset accessible from Andrew Ellis’ website 
at http://geography.asu.edu/azclimate/monsdat.htm.
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Monsoon, continued
monsoon season, though. In monsoon 
circulation, subtropical surface air “bal-
loons” up into higher reaches, mim-
icking the tropic’s usual approach to 
promoting convective activity such as 
thunderstorms, Ellis explained.

“It just opens the door for some very 
light flow and accompanying moisture 
from the south,” he added. As discussed 
last month, moist air tends to rush in 
from the Gulf of California to Arizona, 
and from the Gulf of Mexico to New 
Mexico. 

Wrong side of the storm tracks
When mid-latitude weather patterns 
reign, as often happens during El Niño 
years, westerly winds can delay the dy-
namics that usher in the monsoon. 

Going back to the water analogy, the 
westerlies act as a river of airflow that 
speed along several miles above the 
Earth’s surface. -e jet stream speeds 
along in their core, like swift-flowing 
water in the center of the river. Some-
times the westerlies follow a straight 
course, staying mostly in line from west 
to east. Other times they can meander 
from Alaska down to Arizona, trailing 
cool air in their wake. 

Although refreshing in the short term, 
the latter pattern restricts the formation 
of the anticyclone. Basically, it takes the 
stifle out of the summer heat needed to 
draw in warm, moist air from the south. 

“-at is a really killer for the monsoon,” 
Ellis said. 

-e absence of sweltering stillness may 
be welcome by humans and other 
life forms—until the lack of seasonal 
relief from the monsoons creates its 
own problems. -e July fire that raged 
through Tucson’s Santa Rita Mountains 
is one example of how society pays for a 
sputtering monsoon that doesn’t quite 
catch. Hundreds of hotshot firefighters 
battled the blaze, mostly in vain, at high 

personal and financial cost. 
Meanwhile, air quality in 
the greater Tucson area also 
su.ered during the event. 

When westerly winds shift 
north, or surface heat-
ing manages to override 
their interference, the 
anticyclone can take shape. 
Although the anticyclone 
brings rainfall to those un-
der its domain, its presence 
often signifies dry spells for 
those outside its province, 
especially the areas falling 
north and east of its sway. 

“-at monsoon anticyclone is huge, and 
it tends to suppress precipitation in the 
Great Plains,” explained Higgins, whose 
October 1997, Journal of Climate re-
search paper with colleagues first docu-
mented the see-saw action between the 
Southwest and Great Plains rainfall. 

For the 30 years of data they averaged, 
the southwestern U.S. increase in rain-
fall coincided with a decline in summer 
rainfall in the Great Plains area between 
about 105 degrees and 85 degrees West. 
Monsoon circulation puts the Great 
Plains in the path of air descending 
from the heights of the anticyclone, cre-
ating a high pressure zone of dry air at 
the Earth’s surface.

-e correlation between summer rainfall 
in the Southwest vs. the Great Plains 
seems to indicate that stronger mon-
soon seasons do not represent an in-
crease in overall U.S. rainfall, but merely 
a redistribution of regional rainfall. So 
it seems likely that whichever way the 
wind blows in a climate change scenario, 
some region of the country will su.er 
from a lack of moisture. 

No solution in sight
Just how will the North American 
monsoon fare with global warming? It 
seems this case will be relegated among 

the great unsolved mysteries until more 
clues turn up to produce a coherent 
explanation for year-to-year monsoon 
variability. 

Although global warming seems des-
tined to a.ect some of the drivers in-
fluencing monsoons around the world, 
such as warming of land and sea, the 
atmospheric response to these drivers 
remains unclear when it comes down 
to considering the regional scale of the 
Southwest. 

At this point, the plentiful cast of char-
acters exerting influence on the mon-
soon and its characteristic anticyclone 
resembles the early stages of a game of 
Clue, when half a dozen or more sus-
pects could be the culprit. Unlike this 
form of child’s play, the real-world solu-
tion will probably involve a host of in-
fluences working together in a complex 
scheme that defies detection for many 
years, perhaps even decades. 

One thing’s certain: It will take contin-
ued dedicated e.ort by the many inves-
tigators now working diligently to solve 
the mystery. Until they do, the solution 
remains up in the air. 

Melanie Lenart is a postdoctoral re-

search associate with the Climate As-

sessment for the Southwest. 

AZ H

Figure 3. The air circulation patterns at 18,000 feet show the 
signature “anticyclone” that helps de#ne the North American 
monsoon. Graphic courtesy of the National Weather Service, 
http://www.wrh.noaa.gov/twc/monsoon/mexmonsoon.php
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High sea surface temperatures fuel 
stronger hurricanes. 

No one argued about that at a recent 
workshop on tropical cyclones and cli-
mate held at the International Research 
Institute for Climate Prediction in 
New York. )e distinguished experts at 
the March workshop even agreed that 
Atlantic hurricane seasons are likely to 
remain active for several more decades. 

But what is driving the rise in sea sur-
face temperatures (SSTs) so strongly 
linked to hurricane activity—global 
warming or natural variability? And 
how might other factors influence hur-
ricane activity as the world warms? )at 
was up for debate. 
 
)e answers have important implica-
tions for society. If hurricanes and other 
tropical cyclones are drawing their extra 
strength from global warming, then 
the world can expect to face a century 
or more of intense hurricanes For the 
landlocked Southwest, storms that start 
out as tropical cyclones can provide wel-
come rains and the occasional flood. 

If the observed increase in hurricane in-
tensity relates only to naturally recurring 
fluctuations, residents along the South 
and East coasts menaced by Atlantic 
hurricanes could expect a reprieve with-
in a few decades. )e East Pacific hurri-
cane seasons that moisten the Southwest, 
meanwhile, could slow down in the near 
future, based on previous experience. A 
busier-than-average Atlantic season often 
means a calmer-than-usual East Pacific 
season, which many attribute to the in-
fluence of El Niño. 

)e power behind North Atlantic 
and North Pacific seasonal hurricanes 
combined has more than doubled since 
about the mid-1970s, as shown by re- continued on page 274

search by Kerry Emanuel of the Massa-
chusetts Institute of Technology (Nature, 
August 4, 2005). Reliable records go 
back to the 1940s. )e power dissipa-
tion index (PDI) he used tallies tropical 
cyclones of any strength and includes 
their size and life span when considering 
how much energy they contained. 

SSTs explained about 88 percent of the 
variability in Atlantic seasonal hurricane 
energy since 1970 when compared in 
multi-year trends, Emanuel noted during 
the workshop. As ocean temperatures rise, 
so does hurricane intensity (Figure 1). 

Ocean temperatures have been rising 
around the world, most notably since 
the mid-1990s, as documented by 
Sydney Levitus and colleagues at the 
National Oceanographic Data Center 
(Science, March 24, 2000). )e sci-
entific community agrees that rising 
temperatures in the ocean and air relate 
to global warming from society’s use of 
fossil fuels like coal, oil, and gas. 
 
Emanuel showed evidence that Atlan-
tic SSTs generally move in synch with 
northern hemisphere air temperatures 
when considered at the decadal scale 
(Figure 2). His results challenge the ex-
istence of the Atlantic Multidecadal Os-
cillation, a mode of natural variability 
in SSTs that was originally proposed by 
Michael Mann, Emanuel’s co-author in 
the new study (Eos, June 13, 2006). 

“I would submit to you that there’s just 
no plain evidence now that you have an 
oscillation,” Emanuel said. “)ere just 
isn’t evidence in nature, as opposed to 
models, for this.” 

)ese findings imply that Atlantic SST 
will continue to increase with warming 
air temperatures, strengthening hur-
ricanes at least to some degree as it does. 
Northern hemisphere temperatures are 
projected to rise by another 3 to 10 

Hurricane intensity rises with sea temperatures
degrees Fahrenheit (F) throughout the 
twenty-first century. 

)ose arguing that natural variability, 
not global warming, is driving SST in-
creases and other factors that influence 
hurricane strength include Christopher 
Landsea of the Hurricane Research Di-
vision. His paper with lead author Stan-
ley Goldenberg, Alberto Mestas-Nuñez, 
and William Gray maintains that hur-
ricane activity reflects a pattern of ups 
and downs that stay in place for decades 
at a time (Science, July 20, 2001). 
 

“With Kerry’s very interesting results 
today, I don’t know if I’d say it’s a cycle 
or not, but there is multi-decadal vari-
ability,” Landsea said at the workshop, 
referring to Emanuel’s work pairing air 
temperature with SST (Figure 2). 

Landsea and Emanuel have been facing 
o* on whether the increase in intense 
hurricanes stems from natural variability 
or global warming in a variety of venues, 
including a May media briefing and the 
pages of scientific journals (e.g., Nature, 
December 22, 2005).

Landsea argues that researchers have 
gotten better at detecting hurricanes in 
recent years, making it challenging to 
compare recent tallies with earlier ones. 
Even the Atlantic dataset, considered the 
world’s best from about the mid-1940s, 
contains potential wind speed biases, he 
said. Meanwhile, he has little faith in the 
data used to assess global increases in cy-
clone strength, such as that used in the 
analysis by Peter Webster of the Georgia 
Institute of Technology and several col-
leagues that made headlines in 2005. 

Webster and the others compared cy-
clone records derived from satellite 
images for six ocean basins around the 
world for 1975 through 2004. )ey 
found the number of intense storms 

Some variations linked to warming air temperatures
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Hurricanes, continued
had increased by 57 percent when they 
compared the second half of the record 
to the first half (Science, September 
16, 2005). For these purposes, intense 
hurricanes refer to Category 4 and 5 
cyclones, which have sustained wind 
speeds above 130 miles per hour.

SST had increased during the second 
half of the record as well, the authors 
noted. )eir analysis of the East Pacific 
basin showed the number of intense 
hurricanes jumped from 36 in the first 
period (1975–1989) to 49 in the second 
period (1990–2004), even though the 
total number of hurricanes remained 
about the same for the two time frames. 

)e satellite measurements use factors 
such as eye definition and apparent 
cloud height to estimate cyclonic wind 
speeds. Landsea suggested the data may 
contain flaws because the measure-
ments come from a variety of people 
who made their assessments during the 
year in question. Since the earlier time 
period, satellite coverage, hurricane 
recognition, and technology all have 
improved. )e researcher said when he 
and a colleague applied modern detec-
tion techniques to satellite images from 
the earlier period for the Indian Ocean, 
they found several intense hurricanes 
that had not been included in the data-
set used by Webster and others. 

Webster, in turn, pointed to a recent 
reanalysis of the South Indian Ocean—
the region where data presented the 
most problems—which reached similar 
results as their 2005 paper. )e ran-
dom errors canceled each other out in 
the end, he said, leading to the result 
that the Indian Ocean has seen an 
increase in intense hurricanes like the 
other five basins.

Other researchers are finding similar re-
sults from an independent data set that 
does not involve satellite images, Webster 
added. He pointed to a paper published 
earlier this month by Ryan Sriver and 

Matthew Huber of Purdue University 
(Geophysical Research Letters, June 2006). 

)e researchers used data for 1958–2001 
developed by a European weather fore-
casting center to calculate the power dis-
sipated by hurricanes and other tropi-
cal cyclones around the world. When 
comparing the pre-1979 data to the 
later part of the record, they found the 
overall PDI had increased by about a 
quarter. )e Purdue researchers’ results 
for the globe looked almost identical 
to Emanuel’s results, even though they 
used a di*erent approach to average out 
annual variability, and they considered 
the world rather than just the northern 
Atlantic and Pacific. )e results also sup-
port Webster’s results, as the authors note. 

A global assessment using hurricane 
tracking data found only a small in-
crease in intense hurricanes when 
splitting the last 20 years of data into 
two halves for comparison (Geophysi-
cal Research Letters, May 2006). By 
this assessment, global activity peaked 
between 1992 and 1998, a time frame 
that was split by the comparison of 
1986–1995 to 1996–2005. 

Researchers on both sides of the argu-
ment are puzzled by the extent of the 
apparent hurricane response to a rela-
tively minor rise in SST. SSTs have risen 
by only about half a degree F on average 
globally, and slightly less than 1 degree 
F in the Atlantic region where hurri-
canes tend to develop. 

Yet the average annual number of major 
hurricanes per year in the Atlantic more 
than doubled when comparing the 
1995–2004 to the period 1971–1994, 
based on data from Landsea (Figure 1).

During the earlier time frame, Atlan-
tic SSTs averaged below 83 degrees 
F during the peak hurricane season 
(August–October) in all but three years. 
Since 1995, Atlantic seasonal mean SST 
has averaged above 83 degrees—but the 
di*erence between the two averages rep-
resents only about 1 degree F.

“)e sensitivity is a lot more than we 
would have predicted,” Emanuel said, 
referring to his Atlantic research that 
showed a similar jump in intense hur-
ricanes. )e combined measure of 

Figure 1. The number of major hurricanes a year in the northern Atlantic (bars) tends to re!ect 
sea surface temperatures (SSTs) !uctuations (line). Major hurricanes have sustained winds above 
110 miles per hour.  Data courtesy of Christopher Landsea of the National Hurricane Center. 
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Hurricanes, continued
hurricane power increased roughly four 
times more than his earlier models had 
projected it would based on the seasonal 
SST rise, he indicated. While his model 
suggested a 5 percent increase in peak 
winds with a 1 degree Celsius (C) warm-
ing, his analysis showed a 10 percent 
increase in peak winds with little more 
than half a degree C warming.

Emanuel suggested that the lack of 
major volcanic activity since Mount 
Pinatubo’s eruption in 1991 could be 
a!ecting relevant dynamics of the upper 
atmosphere as well as SSTs. Volcanic 
eruptions can temper the warming for 
a year or so when their explosions spew 
aerosol particles up into the stratosphere. 
Pollution involving sulfate aerosols can 
have a similar temporary cooling e!ect. 
In fact, he suspects aerosols from pollu-
tion and volcanoes may have been be-
hind the Atlantic’s calm phase from the 
mid-1970s through the mid-1990s. 

Vertical wind shear also has an impor-
tant influence on individual storms, 
Emanuel noted, even though it doesn’t 
show up as important in “smoothed” 
data in which values for several consecu-
tive years are averaged together. Wind 
shear occurs when high-level winds 
move much faster or in a di!erent di-
rection than those at the surface. Hur-
ricanes tend to form and persist more 
frequently in situations of low vertical 
wind shear.

Landsea agreed wind shear wielded an 
important influence on individual storms.

“Most of the time, hurricanes are like 
people. "ey don’t live up to anywhere 
near their potential. And most of the 
time it’s because of wind shear,” he said. 

At the seasonal scale, vertical wind shear 
tends to decrease as SSTs increase, as 
Goldenberg and Landsea and their co-
authors note in their 2001 paper. 

Scientists have long known that SSTs 
must reach about 80 degrees F before 

hurricanes can form. In the current cli-
mate, this temperature seems to serve as a 
general threshold for tropical convection—
the process behind hurricanes, monsoons, 
and even many thunderstorms. 

For instance, David Mitchell’s research on 
the North America’s monsoon system has 
found Arizona’s summer monsoon rains 
won’t begin until its moisture source, the 
Gulf of California, reaches close to 80 
degrees Fahrenheit at the surface (Journal 
of Climate, September 1, 2002). Similarly, 
Chidong Zhang’s research links this tem-
perature threshold to the tropical convec-
tion behind many thunderstorms (Journal 
of Climate, October 1993).

What’s more, Mitchell has found that 
the Gulf ’s SST must top 84 degrees 
to trigger the heavy rains that mark a 
strong monsoon in Arizona. Increases 
beyond that temperature don’t have as 
dramatic of an impact, he indicated. 

If a similar threshold applied to hur-
ricane activity, that could help explain 
the sudden jump in intense Atlantic 
hurricanes from a relatively small 
change in temperature (Figure 1). 

A threshold scenario would imply some 
good news: It could mean society is not 
necessarily facing a doubling in intense 
hurricane numbers for every rise of 1 
degree Fahrenheit. On the other hand, it 
could imply that intense hurricanes will 
continue to thrive unless ocean basins 
drop below the threshold temperature. 

In a warming world, even the threshold 
temperature for spawning hurricanes can 
shift. "e SST needed to launch tropical 
convection rises with global air tempera-
ture, Emanuel said. "is further compli-
cates the issue.
 
Given the impact of hurricanes on 
society, this topic will continue to 
generate debate until the scientists in-
volved reconcile their results with their 
models and each other. But it’s worth 
remembering that nobody is predicting 
a decrease in Atlantic hurricane activity 
anytime soon. 

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

Figure 2.  North Atlantic sea surface temperatures (SSTs) tend to closely match northern 
hemisphere air temperatures when both are smoothed at the decadal scale. In both cases, 
temperature values cover the peak hurricane season of August-October.  Data courtesy of Kerry 
Emanuel of the Massachusetts Institute of Technology. 
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East Pacific hurricanes bring rain to Southwest
B! M"#$%&" L"%$'(

Pacific hurricanes and tropical cyclones 
can have a profound influence even on 
the landlocked Southwest—and, argu-
ably, their impact may increase as the 
oceans warm. 

“It turns out that there’s quite a lot of 
tropical cyclone activity that actually 
impacts the Southwest,” explained Eliza-
beth Ritchie, a climatologist who joined 
)e University of Arizona faculty this 
summer. September is the peak month 
for this activity, which has resulted in 
some serious floods in years past. 

An average of 2.2 remnants from East 
Pacific hurricanes and named tropical 
cyclones ventured into the Southwest 
each year between 1992 and 2004, 
representing 15 percent of the region’s 
named storms, Ritchie found in an 
analysis she conducted with a colleague. 
A tropical cyclone must reach sustained 
wind speeds of 39 miles per hour (mph) 
to qualify for a name, and 74 mph to at-
tain hurricane status. 

All but two of the 29 cyclones brought 
at least some rain to the Southwest. )e 
researchers defined the Southwest as 
Arizona, California, and New Mexico. 

“)e main story is Albuquerque re-
ally does the best out of all these sites,” 
Ritchie noted, adding, “Tucson is not 
far behind.” 

During this 13-year time frame, Albu-
querque received a total of 20 inches of 
rainfall from tropical cyclone remnants, 
while Tucson received 12 inches and 
Phoenix collected 4 inches. Compared 
to the annual average rainfalls for these 
three cities, the values amount to half a 
year’s worth for Phoenix, a year’s worth 
for Tucson, and more than two years’ 
worth for Albuquerque.

About 1.3 tropical cyclone remnants af-
fected the Southwest each year during 

the time frame 1966–1984, according 
to an earlier analysis by Walter Smith of 
the National Oceanic and Atmospheric 
Administration (NOAA) that was pub-
lished in 1986 as a NOAA Technical 
Memorandum. 

However, it’s unlikely the studies by 
Ritchie and Walter are directly compa-
rable. Detecting remnants of tropical 
cyclones remains more of an art than 
a science, researchers noted, as o*cial 
long-term tracking data ends when wind 
speeds fall below tropical storm status. 

From 1974 through 2004, the number 
of intense East Pacific hurricanes in-
creased by about a third, according to a 
study by Peter Webster of the Georgia 
Institute of Technology and several 
colleagues. Intense hurricanes have 
sustained winds above 130 mph. Web-
ster and his colleagues compared data 
based on satellite imagery and found 49 
intense hurricanes forming from 1990 
through 2004 compared to 36 forming 
from 1974 through 1989. 

)eir finding and its perceived link to 
global warming via rising sea surface 
temperatures remains controversial 
among some researchers (see June 2006 
Southwest Climate Outlook). Although 
climate experts agree rising ocean tem-
peratures strengthen individual hur-
ricanes, they disagree on whether past 
data is reliable enough to reveal a trend 
directly connected to global warming. 

More intense East Pacific hurricanes 
won’t directly translate into more rain-
fall in the Southwest, at any rate, as 
David Gutzler, a climatologist at the 
University of New Mexico, pointed out. 
)at’s because storms are more likely 
to become intense when contacting the 
warm waters of the open sea, he noted, 
while those heading into the Southwest 
must swing toward cooler coastal waters. 
)e current from Alaska typically keeps 
U.S. coastal sea surface temperatures in 
the 70s and below even in August. 

Tropical storms generally must encoun-
ter sea surface temperatures (SSTs) of 83 
degrees Fahrenheit or more to attain the 
sustained 111 mph wind speeds of ma-
jor hurricanes, based on a study of 270 
Atlantic hurricanes and corresponding 
SSTs by Patrick Michaels and colleagues 
from the University of Virginia (Geo-
physical Research Letters, May 2006). 

)e tropical storms that do reach the 
Southwest can provide drought relief 
or cause floods, sometimes both. )e 
remnants of Hurricane Javier (Figure 
5) helped break a string of dry years in 
September 2004, ushering in a wet win-
ter by gently soaking parts of drought-
parched Arizona and New Mexico. 

Too much of a good thing led to flood-
ing in the autumn of 1983, when four 
cyclone remnants visited the Southwest. 
)e storm from former Hurricane Oc-
tave created the most havoc, causing 
$500 million in flooding damage to Ari-
zona with its days-long rains. 

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

Figure 5. Satellite image of hurricane Javier 
on September 13, 2004 approximately 610 
miles southeast of Cabo San Lucas, Mexico. 
Source: Jesse Allen, NASA Earth Observatory, 
data from the MODIS Rapid Response team
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Holly Hartmann is an assistant research 

scientist in Hydrology and Water Re+

sources at the University of Arizona

Additional coverage of Colorado River 
Basin issues can be found in other 
University of Arizona publications! 
including Arizona Water Resource! 
available at http:,,www*ag*arizona*
edu,AZWATER,awr,awrmain*html! 
and Southwest Hydrology! at http:,,
www*swhydro*arizona*edu,* 

Melanie Lenart is a post+doctoral re+
search associate with the Climate As+
sessment for the Southwest*
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search associate with CLIMAS* For 

more on the connection between 

climate change and western drought! 

see the December "##& feature article 

at http:,,www*ispe*arizona*edu, 

climas,forecasts,articles, 

climatechange_Dec"##&*pdf*
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Less than a week after record streamflow 
filled the six-lane-highway sized Rillito 
River with churning brown water, barely 
a puddle remained visible in the Tucson 
stretch near River and Park. A logjam 
piled up against a bridge bore silent 
testimony to the late July flood, which 
seemed to have passed on (Figure 1). 
Actually, some of it had passed under-
ground. Judging from previous events, 
remnants of the floodwaters continued 
to trickle toward the water table about 
120 feet below the barely moist surface.  

Groundwater reservoirs remain mysteri-
ously out of sight, making fluctuations 
of these important sources of southwest-
ern water di)cult to measure. It’s even 
more challenging to project how they 
might fare as climate changes with the 
ongoing global warming. 

Recent research shows that groundwater 
replenishment in the Southwest de-
pends largely on floods, especially win-
ter floods. *is, in turn, means the fate 
of El Niño and snow cover likely hold 
the key to how groundwater recharge 
rates will change as the climate warms. 
*e fate of El Niño as climate continues 
to warm remains unclear. Snow cover 
changes are more predictable. *e changes 
they will wreak on groundwater recharge 
is less predictable, but not encouraging.    

Short-term recharge
“*e thing that really drives groundwater 
recharge are these large storm events,” 
which typically occur in winter, ex-
plained John Ho+mann, brandishing a 
graph showing episodes of groundwater 
recharge along the Rillito from one of 
his studies. *e U.S. Geological Survey 
hydrologist pointed to the boost in aquifer 
levels during the winter of 1998, when 
the Rillito flowed for a month straight. 

“*at sustained flow provided an oppor-
tunity for focused recharge,” Ho+mann 

Global warming could a!ect groundwater recharge 

continued on page 404

added during a conversation in his Tuc-
son o)ce that also included Stan Leake, 
a hydrologist who has considered how 
climate change might impact ground-
water recharge processes. Like the 2006 
flood, a 1999 summer flood during the 
study disappeared more quickly, provid-
ing less time for recharge (Figure 2).      

Riverbeds focus recharge in space as well 
as time, Leake explained. Unlike most 
of the southwestern lowlands, riverbeds 
do not contain a layer of caliche. Com-
posed of calcium carbonate—roughly 
the same material as concrete—caliche 
blocks the downward flow of water. Ca-
liche forms when the carbonate in rain-
fall joins with the calcium in the soil, 
often combining as the water evaporates 
back up through the soil horizon.  

Along with riverbeds, mountain fronts 
also serve as major recharge sites. *e al-
luvial fans of sediment spreading across 
the foothills can soak up the melted 
snow streaming down from the peaks as 
well as the monsoonal rainfall of sum-
mer that the mountains help spur. 
Just how much recharge occurs along 

mountain fronts versus in riverbeds 
depends on the region and the climate 
that year, noted James Hogan, the assis-
tant director of SAHRA, a University of 
Arizona consortium of water research-
ers. His work in the San Pedro Basin 
of southeastern Arizona suggests the 
recharge occurring in riverbeds can range 
from zero, such as during a dry year like 
2002, up to 40 percent during a year 
with a strong monsoon, such as 1999.

Like the oil and natural gas contribut-
ing to global warming, groundwater 
exists in the porous spaces of rocks and 
sediments. Also like these fossil fuels, 
groundwater may have moved into 
its belowground location thousands 
of years ago or more. *at’s why some 
geologists like to refer to it as “fossil 
water” and speak of “mining” ground-
water. *e latter refers to taking out 
more groundwater from an aquifer than 
can be recharged on average in the time 
frame considered.
 
Although the Southwest contains mas-
sive amounts of fossil water, mining 

Figure 1. Tucson resident Robert Segal stands by debris collected by supports of the First Av-
enue bridge where it crosses the Rillito River. The July 31 high waters that carried the logs had 
moved downstream or underground by August 5, when this picture was taken.
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Groundwater, continued

it can cause the ground to subside—a 
potential disaster from a homeowner’s 
point of view. In Tucson, subsidence has 
caused three to four feet drops in some 
sections around the central area. 

So far, the subsidence hasn’t caused 
widespread damage to homes and 
roads—but it could in the future if 
water mining continues unabated, ex-
plained Tim *omure, the lead hydrolo-
gist for the Tucson Water Department. 
*at’s why the department has been 
promoting the use of renewable water 
supplies to replace groundwater mining.

‘Artificial’ recharge
Along with surface water supplied by 
rivers, renewable sources can include the 
water that measurably replenishes the 
aquifer. In Tucson’s case, it also includes 
some of the city’s Colorado River alloca-
tions now deployed in the Avra Valley 
artificial recharge project. It’s called arti-
ficial because the water source is not lo-
cal precipitation. But the recharge proj-
ect is helping o)cials and researchers 
better understand recharging processes, 
whatever the water source. 

“Your key point is you have to get 
through the surface—your top 10 to 20 
feet,” *omure explained during a re-
cent interview. Once it filters down that 
far, it should be safe from evaporation, 
as long as plants can’t reach it. *en it 
has time to move around pockets of clay 
or other impermeable barriers on its 
long journey to the water table, which 
can take a year at the Avra Valley site.   
*e artificial recharge project is high-
lighting another value of floods. Floods 
tend to scour channels, clearing out 
debris and organic matter from the 
riverbed. In the artificial recharge arena, 
o)cials must find ways to mimic the 
cleansing action of floods or clogged 
pores can impede their e+orts. 

Without floods, an impenetrable layer 
of mud or algae can build up on the 

continued on page 415

channel bottom. Scouring the riverbed 
with heavy equipment can help, but cre-
ates potential erosion problems. Where 
the recharge source involves wastewater 
e,uent, the high nitrogen levels boost 
algae growth so much that workers have 
to allow the sediments to dry out every 
day or two. 

Long-term recharge
To consider the long-term flow of 
groundwater, researchers favor using iso-
topes. For the past 15 years, University 
of Arizona (UA) geologist Christopher 
Eastoe has been employing isotopes 
from carbon, oxygen, hydrogen, and 
sulfur along with tritium to explore the 
sources and flow patterns of groundwa-
ter in the Tucson Basin. 

Using equipment at the UA campus, 
Eastoe can compare chemical patterns in 
groundwater patterns to those in rainfall. 
For instance, the ratio of slightly heavier 
oxygen atoms—known as isotopes in this 
context—to the more common variety 
can reveal whether their H2O source fell 
during summer or winter.

*is chemical detective work has allowed 
him to identify groundwater signatures 
that point to their sources—in space 
as well as time. His paper on the topic, 
along with others including one on 
James Hogan’s research mentioned above, 
can be found in the book Groundwater 
Recharge in a Desert Environment (Ameri-
can Geophysical Union, 2004).   

Winter storms rule
Eastoe’s work over the years, with others, 
has highlighted the importance of winter 
precipitation for groundwater recharge.

“We have almost no influence of sum-
mer rain in the (Tucson) basin regarding 
recharge,” judging from the isotopic sig-
nature in the top 600 feet of the water 
table, Eastoe said in November. *is fits 
with the observations that winter storms 
tend to be larger and linger longer on 
the landscape, while summer storms 
tend to come in flashier local events and 
evaporate quickly.
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Groundwater, continued

“To the extent that you keep the water 
in the river for three months rather 
than three days, there’s far more poten-
tial for recharge,” noted Katharine Ja-
cobs, executive director of the Arizona 
Water Institute.  

Although Eastoe is still pulling together 
other research, preliminary results 
indicate the tendency for winter pre-
cipitation to drive groundwater re-
charge probably holds for many basins 
throughout the Southwest. He noted 
that graduate researcher Arun Wahi’s 
work shows the telltale signs of winter-
dominated groundwater inputs even 
in the basin underlying the San Pedro 
River, where monsoon rain comprises 
about two-thirds of precipitation in a 
typical year. 

USGS hydrologist Don Pool’s research 
also supports the interpretation that 
winter storms drive recharge. He found 
the high-flow events that are good for 
recharge were more likely to occur dur-
ing El Niño events at the three stretches 
he considered: the San Pedro River at 
Charleston and Tucson’s Rillito and 
Sabino creeks (Water Resources Research, 
November 2005). La Niña conditions 
almost always meant low winter/spring 
river flows. However, about a third of 
the remaining years corresponded to 
years with high waters on at least one of 
the rivers. 

El Niño years tend to boost winter and 
spring rainfall in the Southwest, with 
little direct impact on summer and fall 
precipitation. During El Niño events, 
warm water drifts to the eastern side 
of the Pacific Ocean Basin, often pull-
ing the jet stream south into saguaro 
territory. During La Niña years, cooler 
eastern Pacific temperatures help create 
a ridge that deflects the jet stream and 
its associated rainfall.  

Impacts of changing climate
El Niño events have become more fre-
quent and pronounced since the 

mid-1970s, although a lengthy La Niña 
event from 1998–2002 helped provoke 
the southwestern drought. Global warm-
ing accelerated during the same three de-
cades, but climatologists are reluctant to 
use this as evidence that El Niño events 
will dominate future climate. 

El Niño can fall into decades-long pat-
terns from other causes besides global 
warming, as evidence from past climates 
show (Southwest Climate Outlook, Janu-
ary 2006). Computer models consider-
ing how this crucial pattern might shift 
with additional warming show a wide 
array of results (Advances in Geosciences, 
2006). Scientists disagree on exactly 
how the ocean fluctuates from El Niño 
to La Niña and back, much less on how 
the mechanisms behind the fluctuations 
will change as oceans warm (Internation-
al Journal of Climatology, April 2006). 

*e fluctuations, which a+ect precipi-
tation patterns throughout the world, 
depend on di+erences in temperature 
between the western and eastern Pacific, 
not merely the temperatures themselves. 
While it’s straightforward to project an 
upward climb in overall temperatures 
for both land and sea, it’s more chal-
lenging to predict how the dynamics 
will play out.   

*e fate of snow cover, on the other 
hand, is easier to project because it 
relates directly to the warming.  As tem-
peratures rise, snowline creeps up the 
mountaintops. Snow cover shrinks in 
time, too, as warm temperatures extend 
their reach forward into autumn and 
backwards into spring. 

Already researchers have been docu-
menting a trend for more precipitation 
falling as rain rather than snow over the 
past half century throughout much of 
the West (Journal of Climate, September 
2006). *ese changes are bringing a doc-
umented shift forward in time for the 
peak river flow that comes with spring 
thaw (Journal of Climate, April 2005). 

*is has some researchers worried about 
the fate of groundwater recharge. 
  

“As we change toward more rain away 
from snow, that has the potential to de-
crease the amount of recharge,” Leake 
said. In higher mountain ranges of the 
Southwest, the melting of snow creates 
steady springtime river flows that recharge 
aquifers in the valleys below, he added. 

USGS researcher Michael Dettinger 
expressed similar thoughts. “As the 
snowline retreats to cover smaller and 
smaller areas, and as the snowpack itself 
declines because of more rain and less 
snow and more intermittent melting… 
it seems really likely that recharge will 
decline in many parts of the Southwest,” 
he said during a telephone conversation.  

Warming temperatures also can turn 
some winter storms into the flashier 
events usually associated with the 
Southwest summer. He recalled a May 
2005 storm around California’s Yosem-
ite Valley. Warm temperatures allowed 
the rain to cover a much larger area than 
typical for that time of year, with snow-
fall limited to elevations above about 
10,000 feet. As a result of the extensive 
area involved, a mere one inch of rain-
fall resulted in a flashy valley-wide flood.     

Floods like this can provide some re-
charge, much as the here-and-gone 
Rillito flood this summer did. But it’s 
unlikely to provide the same ground-
water boost as it would have if the same 
amount of precipitation had fallen as 
snow and then melted over time, feed-
ing rivers for months on end. If winter 
storms start acting like summer storms, 
groundwater aquifers could pay the price.     

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html
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As the drought deepened, ranchers and 
others at a January workshop brain-
stormed ways to keep southwestern grass-
lands resilient despite rising temperatures 
and pendulum-like swings in rainfall. 

“I make my living when it rains,” ranch-
er Dennis Moroney of the CrossU Cat-
tle Company told the group of about 
130 ranchers, range managers, and 
natural resources specialists gathered 
for the two-day Climate and Rangeland 
workshop and Society for Range Man-
agement (SRM) meeting held near San 
Carlos, Arizona. “Last spring I said, ‘If 
this is global warming, I’ll take it.’ I’m 
not so sure today,”said Moroney. 

Plentiful rainfall during the winter 
and usually bone-dry southwestern 
spring in 2004–2005 put a dent in the 
drought that has plagued Arizona and 
New Mexico since at least 1998, but 
a dearth of rainfall since October has 
plunged much of the Southwest back 
into drought over the last few months. 
On the first day of the January 25 work-
shop, Phoenix had not received a drop 
of rain in 98 days, and Tucson had only 
received about 0.1 inches during that 
same period. Meanwhile, northern Ari-
zona was still without snowpack. 

“As we left town, we were getting our 
first significant snowfall of the year,” 
noted Northern Arizona University 
(NAU) Professor George Koch, who 
drove up from Flagsta) on the morning 
of January 26. “*is is shaping up to be 
the driest winter since the driest winter 
a couple of years ago,” he added. On 
February 7, Flagsta)’s National Weather 
Service o+ce announced that the 2.49 
inches of precipitation received between 
September 1 and February 6 represent-
ed a new record low in 109 years.

Gregg Garfin, program manager for 
the University of Arizona’s (UA) Cli- continued on page 603

mate Assessment for the Southwest 
(CLIMAS), noted that El Niño exerts 
a tremendous influence on regional 
winter precipitation tallies. When El 
Niño reigns, sea surface temperatures 
run higher than average in the eastern 
Pacific Ocean. Often this helps pull jet 
stream moisture down to this region 
for the winter and sometimes through 
the spring, as it did last year. But things 
have changed. 

“*is winter’s temperatures in the eastern 
Pacific, although not o+cially a La Niña, 
are cooler than average. We think that’s 
what initiating this dry episode,” Garfin 
told the group. Conditions o+cially 
met National Oceanic and Atmospheric 
Administration standards for a La Niña 
event the following week, after eastern 
Pacific sea surface temperatures had 
remained cooler than average for the 
required three months. *is suggests the 
drought is likely to continue through 
the winter at least, Garfin indicated. 

Garfin had worse news to convey. He 
is among the climatologists who sus-
pect that a related influence commonly 
known as the Pacific Decadal Oscilla-
tion (PDO) switched in the late 1990s 
into a phase that spells long-term 
drought for the Southwest. While El 
Niño works at the seasonal scale with 
phases that typically last only a year or 
two, the PDO can stay in one phase for 
20 years or more. 

El Niño variations represent one of 
three processes influencing PDO phases, 
Garfin told the group, referring to re-
search by Niklas Schneider and Bruce 
Cornuelle (Journal of Climate, Novem-
ber 2005). *e other two influences 
are the Aleutian low, an atmospheric 
measure of sea level pressure that fluc-
tuates much faster than El Niño; and 
the Kuroshio-Oyashio Extension, an 
ocean current that responds to El Niño 
phases but fluctuates much more slowly. 
At this point, skill in predicting the 

influences a)ecting the PDO is limited 
to a few years, the authors indicated in 
their paper.

Global warming’s influence falls on 
top of fluctuations of El Niño, the 
PDO and other climate patterns. It 
launches a relatively predictable rise in 
temperatures accompanied by largely 
unpredictable changes in precipitation 
patterns. Following the ongoing trend 
for increasing temperatures, globally 
2005 registered as the hottest or second-
hottest year on record, depending on 
the analytical method used. 

In time, the Southwest might experi-
ence more heat waves and record-
breaking highs and fewer frost days, 
Garfin explained, citing a research paper 
by Noah Di)enbaugh and others (Pro-
ceedings of the National Academy of Sci-
ences, November 2005). ) Precipitation 
is also likely to become more extreme, 
in e)ect featuring more droughts and 
floods as the water cycle speeds up along 
with evaporation rates.

Grassland thresholds
*e one-two combination of rising tem-
peratures and more drought can really 
impact grasslands and other ecosystems. 
Grasslands rank among the most sensi-
tive ecosystems to climate fluctuations, 

Grassland dynamics shift with climate fluctuations
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Grassland dynamics, continued

continued on page 61

whether from natural variability or cli-
mate change. 

“We’re working with an ecosystem that 
has very quick responses to climate 
variability,” noted Michael Crimmins, 
a UA Cooperative Extension climatolo-
gist who helped organize the workshop 
along with others from cooperative ex-
tension, CLIMAS, and SRM. Climate 
influences act along with past manage-
ment actions, soil type, competition 
between species, and environmental 
disturbances, he added. “*ese increas-
ing temperatures, even if precipitation 
remains the same, are going to change 
things.”

Changes in climate can push a grassland 
system over a “threshold” into a new 
state, NAU Professor *omas Sisk said. 
He showed an image of an idealized 
conceptualization of thresholds (Figure 
1). A ball resting in the bottom of a pit 
represents one ecosystem state. Drought, 
global warming, or related disturbances 
can metaphorically lift the ball out of 
this “steady state” and shift it up and 
over the edge of a threshold into an en-
tirely di)erent steady state. 

“Where are those thresholds? *at’s sort 
of the $64,000 question,” Sisk told 
the group. “It’s chaotic, unpredictable. 
*at’s why we’re here today.” 

Protecting grasslands
Sisk is working with the Diablo Trust, 
a collaborative rangeland management 
group in northern Arizona, to monitor 
how selected plots respond to di)er-
ent grazing approaches. Monitoring 
involves keeping track of rangeland 
conditions by systematically measuring 
variables such as soil moisture and the 
percentage of desirable vs. undesirable 
plants within a specific area. *is can 
help ranchers understand when they are 
risking a threshold change. 

Ranchers may need to remove some 
grazing animals from shriveling 

grasslands during 
times of drought, Sisk 
noted, with or with-
out a dictate from the 
government agencies 
that issue grazing per-
mits. Often, people 
have a tendency to 

“wait, hope, and pray” 
rather than reduce 
livestock numbers, he 
observed. 

“If it’s really late, or 
we pray for a really 
long time, then we 
may cross that thresh-
old,” he added. *e 
field of decision the-
ory weighs the costs 
of changing manage-
ment against the risks of inaction or of 
making a bad decision. In an acknowl-
edgement of the di+culty in making 
decisions based on an uncertain future, 
Sisk noted that the best decision some-
times can be to wait out a dry spell—if 
it does rain in time to save the ranch. 

“*e response when it rains is phe-
nomenal,” said Moroney, whose ranch 
in McNeal reacts rapidly to rain, like 
most southwestern grasslands. “You see 
change take place in three or four days.” 

Summer rains can make or break a 
rancher’s fiscal year. Yet the success of 
climate predictions for southwestern 
summer rainfall—largely dependent 
on the monsoon circulation that drives 
in the rain—lags far behind the skill 
in forecasting winter precipitation, 
mainly because of El Niño’s influence 
on the latter. Arizona state climatolo-
gist Andrew Ellis, though, has found 
that late monsoons often equate to 
weak monsoons (International Journal of 
Climatology, February 2004). *e 2005 
monsoon fit the bill on both counts. 

*e larger spatial coverage of winter 
storms eases predictability, Crimmins 

explained. Winter storms often extend 
across the state for several days, he in-
dicated, while summer thunderstorms 
pop up almost randomly over small 
areas. 

During years when the monsoon falters 
and sputters, like last summer, ranchers 
face a tough decision about whether to 
buy feed while hoping for rain, seek out 
greener pastures for a few months, or 
prematurely sell some of their carefully 
bred herd. If large-scale drought leads 
ranchers to flood the market with cattle, 
prices will drop for everybody. 

A greener pasture
“Grass banking” can help ease the risk 
of running out of forage before the 
calves are fatted. For instance, a group 
of ranchers might set aside a common 
field for times of trouble, or individual 
ranchers can use their own land in ways 
that lessen the impact of grazing in any 
one spot, Moroney suggested. 

“I moved my cows 11 times last year. 
We do that to shorten up the amount 
of time they spend in a pasture,” he 
said. “*en we’re always feeling pretty 
good that we have feed ahead of us and 

Figure 1. Grasslands and other ecosystems have “thresholds” rele-
vant to speci!c states, such as forage production. Changes in climate 
can theoretically shift the grassland from one stable state (top) into 
a di"erent stable state (bottom). Once the system has passed the 
threshold, it is di#cult for it to return to its pre-existing state. Source: 
Thomas Sisk, NAU.
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Grassland dynamics, continued
behind us in case rain doesn’t come 
through.”

He noted that he favors pastures with 
mesquite trees—generally considered 
undesirable by ranchers—during the 
season when dangling bean pods serve 
as a protein supplement for cows.

Moroney also suggested that adaptive 
management ideas could include put-
ting cattle out in the desert when grasses 
encroach, as they did in 2005. *e 
spread of grasses into the desert during 
last year’s plentiful spring rains caused 
trouble. *e grasses quickly cured into 
fuel for summer fires that sparked a re-
cord number of acres burned in Arizona. 
A quarter of a million of these acres 
burned outside Phoenix in the Cave 
Creek Complex fire, killing many of the 
Sonoran Desert’s signature cactus, the 
saguaro. 
 
Fire in grasslands 
While fire spells disaster for saguaros, it 
can help grasslands win the competition 
against other woody plants like juniper, 
mesquite, and creosote.

Grasses “expressed themselves dramati-
cally” after Moroney worked with the 
Natural Resource Conservation Service 
to fight o) mesquite trees by spraying 
several hundred acres with herbicides. 
In recent decades, mesquite trees have 
been invading his ranch, along with 
grasslands throughout the Southwest. 
But the chemical treatments cost too 
much and are fairly ine)ective without 
a follow-up by fire, he said, so the plan 
is to conduct some prescribed burns to 
further control the mesquite invasion. 

*e proper fire regime can maintain 
grasslands facing invasions from woody 
plants such as juniper as well, UA Pro-
fessor Steven Archer told the group.

Based on research about how long it 
takes juniper to establish and grow in 
similar Texas and Oklahoma grasslands, 

ranchers need to have a fire at least every 
10 years to keep juniper o) highly pro-
ductive, non-grazed landscapes, Archer 
reported. On grazed sites, the window 
of opportunity to prevent juniper en-
croachment can shorten to five years, he 
explained. His research has shown that 
cattle grazing can help woody plants in-
vade by removing the grasses, known as 
fine fuels, needed to carry fires capable 
of suppressing trees and shrubs. Less 
productive sites or more heavily grazed 
sites may need to be burned even more 
often because the sparser ground cover 
translates to reduced fuel loads and 
hence patchier fires with lower intensi-
ties, he indicated.

Other factors
Drought, global warming, fire, and 
woody plant encroachment all can 
change grassland dynamics. So can inva-
sive grasses and weeds, insects, and car-
bon dioxide. Grassland insect invasions 
often track the ups and downs of rain-
fall. Invasive plants, too, can respond to 
plentiful rainfall, as Sahara mustard and 
red brome did when colonizing desert 
lands last spring. 

*e greenhouse gas carbon dioxide, re-
sponsible for about 60 percent of the 
ongoing warming, also a)ects invasive 
plants, insects, and other factors in-
fluencing rangelands dynamics. For 
instance, woody plants such as trees and 
shrubs tend to grow more quickly than 
grasses in experiments exposing them 
to the carbon dioxide levels expected by 
about mid-century. Desert landscapes 
have undergone “reverse desertification” 
when exposed to these elevated levels of 
carbon dioxide, with 40 to 50 percent 
increases in productivity, Sisk pointed 
out. (For more information, see the 
2004 review paper by Robert Nowak 
and colleague in New Phytologist.)

Even among grasses, the extra carbon 
dioxide in the air will favor some spe-
cies more than others. It provides a 
bigger boost to plants that use the “C3” 

pathway to photosynthesize, such as 
trees and many cool-season grasses 
including bromes and cheatgrass. So-
called C4 plants, which include most 
warm-season grasses and invasive species 
like lovegrass and bu)elgrass, are not as 
a)ected. 

*e rising levels of carbon dioxide o)er 
a high note that may interest farmers 
as well as ranchers: Most crops are C3 
species, while most “nasty weeds” are 
C4 species, Sisk noted. However, there’s 
also some evidence that insects need to 
eat more when dining on plants grown 
under higher carbon dioxide levels. 
 
Increasing resiliency
A growing list of disturbances join 
drought in impacting grasslands. Grass-
land dynamics are likely to become 
more complex with the changing cli-
mate and related factors, increasing the 
risk of crossing a vegetation threshold, 
with major shifts in the species compo-
sition and productivity of rangelands. 

Although rancher Richard Collins men-
tioned he was having a di+cult time 
maintaining his natural optimism when 
faced with the workshop news, Garfin 
compared the growing understanding 
of the climate risks facing grassland 
managers to the awareness that had 
grown in Louisiana over the past couple 
of decades that a major hurricane could 
devastate New Orleans. 

“We did not reduce vulnerability and 
increase resilience,” Garfin noted. “And 
I think that’s the task. We’ve got the 
information. *e challenge is to take 
climate change information … and try 
to translate that into something that 
converts into a real and practical man-
agement plan.”

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at: 
http://www.ispe.arizona.edu/ climas/
forecasts/swarticles.html
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*e Grand One looks doomed. *e 
world’s largest recorded saguaro, it stood 
its ground on a hillside near Phoenix 
while last year’s Cave Creek Complex 
fire raced through on knee-high grasses 
and, worse, lingered in nearby shrubs. 
Now yellow lines radiate up several of 
its roughly dozen arms as the magnitude 
of the event sinks in (Figure 1).

It may soon join the list of casualties 
from wildfire—a list expected to grow 
longer with the days of summer as 
the southwestern climate continues to 
warm. *e input of greenhouse gases 
mainly from burning oil, coal, and 
gas has temperatures on the upswing 
around the globe, including the south-
western United States. 

*e ancient saguaro looks worse than 
it did even a few months before, range 
and watershed specialist Carol Engle 
said on a day in late March. Now she 
has doubts about whether it will pull 
through, as she and many others had 
been hoping. She pointed out splits 
where insects could penetrate its mas-
sive trunk, larger than a refrigerator at 
the base. Between the trunk and an arm, 
bubbles of black char look like a belated 
attempt to form protective bark. Or, to 
use Engle’s analogy, like a marshmallow 
that’s toasted for too long.

Singed during a record Arizona fire year 
that burned more than 700,000 acres in 
2005, *e Grand One could serve as a 
poster illustration about how wildfires 
could worsen with global warming and 
related changes. 2005 nearly tied 1998’s 
record for world’s warmest year since 
instrumental records became relatively 
reliable in the late nineteenth century. 
While the fire raged, Phoenix set its own 
record lows for humidity and highs for 
temperatures.

continued on page 63

When it’s hot
Climbing temperatures 
are expected to bring 
more raging infernos, 
in desert, grasslands, 
and forests alike—and 
the homes constructed 
among them. *e 47,000 
acre forest fire around 
Los Alamos, New Mexico 
ruined about 260 homes 
and required the evacua-
tion of about 20,000 peo-
ple in 2000. *e 468,000 
acre Rodeo-Chediski 
forest fire in northern 
Arizona destroyed about 
400 homes and forced 
30,000 people to evacu-
ate in 2002. 

In both cases, high tem-
perature extremes in the 
three months leading up 
to the fire ranked right 
up there with low precip-
itation extremes (Table 1). 

Firefighters managed to 
shield homes in the Scottsdale area of 
Phoenix from the 248,000 acre Cave 
Creek Complex fire, which torched 
about two-thirds of the 50,000 acres of 
Sonoran Desert that burned in 2005. 
*is important ecosystem features the 
saguaro cactuses (Carnegiea giganetea) 
exclusive to the southwestern United 
States and northern Mexico. 

Some researchers suspect warming tem-
peratures and an early spring are aiding 
and abetting the invasive grasses that 
helped carry last year’s fires into saguaro 
territory (Southwest Climate Outlook, 
April 2005). Although native grasses 
and wildflowers can also carry fire fol-
lowing rainy winters, their clumpy, un-
even cover proves less e+cient at carry-
ing fire than an even, continuous cover 
of monocultural grasses. 

After wet winters like 2005, even nor-
mal southwestern temperatures in May 
and June soon convert invasive and na-
tive grasses alike into what firefighters 
call “fine fuels”—dried-out stalks that 
feed a surface fire. 

Tonto National Forest fire manager 
Gary Daniel provided an example of 
how temperatures a,ect fine fuels, refer-
ring to his work on prescribed burns. If 
grasses remain moist after the cool of 
evening, he and his crew had an easy 
solution: “We just let the sun beat on it 
a little more, let the ambient air temper-
ature dry out, and we’re ready,” Daniel 
recalled. “An hour in full sunlight would 
have a tendency to dry that grass out.”

Rising temperatures bump up risk of wildfires
Global warming adds firefighting challenges in both forest and desert

Figure 1. The world’s largest recorded saguaro was dam-
aged last year during a !re near Phoenix, Arizona. The lower 
righthand inset shows a close up of the !re damage. Source: 
Stephanie Doster, Institute for the Study of Planet Earth
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continued on page 64

Forest drying
In the forest, it takes about 40 hot, dry 
days (roughly a thousand hours) to 
convert fallen branches on the forest 
floor into flammable material that will 
magnify a fire’s heat—perhaps enough 
to ignite live saplings. *ese saplings, 
in turn, can become ladders to lift the 
flames into the crowns of established 
trees. Branches and logs from three to 
six inches in diameter are the “thousand-
hour fuels” that firefighters worry about 
when gauging forest fire danger and 
evaluating whether a surface fire might 
transform into a crown fire. 

Woody materials are likely to remain dry 
longer as the climate warms, Timothy 
Brown of the Desert Research Institute 
in Nevada and colleagues projected, 
based on the expected impact of warmer 
temperatures and their influence on 
relative humidity (Climatic Change, Jan-
uary 2004). *eir modeling experiment 
focused on forests, comparing condi-
tions for two decades through 1996 to 
those projected for two decades through 
2089 using a global warming scenario.

“*e key thing was an increase in the 
number of days of high fire danger,” 
Brown said. “We basically found through-
out the West that the number of days 
increased by about two to three weeks.”

In another analysis, of 11 western states, 
New Mexico and Arizona were among 
the most sensitive to temperature ef-
fects on the annual “area-burned”—the 
amount of land crossed by fire in a giv-
en year. U.S. Forest Service researcher 

Donald McKenzie and colleagues found 
higher temperatures led to a “sharp 
increase” in area-burned in the histori-
cal record, using data for the years 1916 
through 2002 (Conservation Biology, 
August 2004). New Mexico’s annual 
area-burned fluctuates with spring tem-
peratures in particular, the analysis by 
McKenzie and colleagues showed. 

Similarly, research by *e University 
of Arizona’s Michael Crimmins and 
Andrew Comrie found low-elevation 
fires in southern Arizona increased dur-
ing warm springs when they followed 
wet winters (International Journal of 
Wildland Fire, 2004). 

*e results fit the pattern for the South-
west fire season to start during the dry 
days of May and June and end within 
weeks of the summer’s monsoon season 
arrival, usually in July. It also sparks 
concern for those anticipating the con-
tinuation of global warming, as spring 
temperatures in New Mexico and Ari-
zona are rising as are temperatures in 
other seasons (Figure 2). 

It’s the heat and humidity
Temperature has an established link 
with fire danger on several fronts. Fires 
light more readily when the sun is beat-
ing down and raising daily temperatures. 
Lightning bolts fly more often with 
higher temperatures, too, providing 
more opportunities for fire ignitions. 
And fires can spin out of control more 
easily when overlying air is warm, espe-
cially in the absence of cool nights that 
help the fire to “lay down.” 

Some of these factors combined in 
2005 in the Phoenix-area Cave Creek 
Complex fire, the union of several 
lightning-started fires. Local daytime 
temperatures in the “hundred and 
teens” and relative humidity levels 
that dipped as low as 2 percent turned 
the grass-invaded desert into a sea of 
flames, reported Je, Whitney, a natural 
resource manager who helped battle 
the blaze. Even at night, relative hu-
midity only rose to about 9 percent, 
well within the 20 percent range that 
firefighters peg as dangerous.

“We’ve usually got a better opportunity 
to work on suppressing the fire at night,” 
Whitney said. “But we didn’t have 
those conditions during the Cave Creek 
Complex—it burned through the night.” 

Air temperature wields an important 
e,ect on relative humidity. Hot air can 
hold more moisture than cool air, which 
is partly why higher daytime tempera-
tures are linked to higher evaporation 
rates. Conversely, when air cools during 
the night, its relative humidity increases, 
sometimes to the point of saturation. If 
the air drops down to the “dewpoint 
temperature” some of the moisture it 
contains will condense into dew, fog, or 
some other form of precipitation. 

Whether moisture condenses or not, 
higher relative humidity levels reduce 
fire danger, Daniel noted. 

“In the evening, temperatures will go 
down and the humidity levels will start 
to increase again. We call it a recovery. 
If we have not much of a recovery at 
all at night, we can have active burning 
during the night and this can also make 
it worse the next day,” he said. 

Both global warming and the urban 
heat island e,ect tend to boost night-
time temperatures more than daytime 
temperatures. *at’s because greenhouse 

Fire event Temperature rank
(highest)

Precipitation rank 
(lowest) State

Los Alamos (2000) 2 1 New Mexico
Rodeo-Chediski (2002) 4 3 Arizona
Hayman (2002) 12 2 Colorado
Biscuit (2002) 17 15 Oregon

Table 1. While seasonal precipitation tended to rank among the lowest during three months 
leading up to major western !res, temperatures tended to rank among the highest. Climate 
records go back to 1895. Source: Data from Western Regional Climate Center.
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Wildfire risk, continued
gases and concrete both absorb solar ra-
diation. After a long day of solar heat-
ing, they release some of the energy 
they’ve collected as infrared radiation—
i.e., heat. *is is most noticeable at 
night, once the sun’s direct rays are out 
of the picture. 

Hot air
Warm air tends to be more “unstable” 
than cool air in a meteorological sense, 
too, explained Charles Maxwell, fire 
weather program manager for the 
Southwest Coordination Center. 

“If you have warmer surface tempera-
tures, the atmosphere is more unstable. 
*at’s more conducive to strong convec-
tion and to blow-up fires” like the Ro-
deo-Chediski, Maxwell said. “Instead of 
having a fire driven by the wind and en-
vironment, the fire becomes a lot more 
powerful and controls the environment 
and dictates the weather. It’s very similar 
to a thunderstorm, the way it works,” 
Maxwell said.

A warm surface, whether caused by a 
fire or a mountainside baking in the hot 
summer sun, will lift air parcels up into 
the atmosphere. A fire tends to do so 
faster, which adds to the instability. *e 
ascent of these air parcels leaves a void 
that surrounding air quickly moves to 
fill. *ese winds further fan the flames. 

As with thunderstorms, the air parcels 
uplifted by fires often become clouds as 
they rise and cool. *ese clouds, known 
as pyrocumulus, contain moisture they 
extracted from fuel, soil, and especially 
living trees, Maxwell noted. 

Alex McCord, a longtime Arizona Divi-
sion of Emergency Management hazards 
o+cer, elaborated on this, noting that 
combustion also contributes moisture by 
converting stored carbohydrates in trees 
back into carbon dioxide and water.
 

“Even if it’s bone dry, there’s moisture 
in the wood,” McCord said. When this 

wood “blows up” into the clouds, it can 
form raindrops. “It used to be wood but 
now it’s rain,” he added. 

Like the updrafts that helped form the 
clouds, downdrafts can accompany py-
rocumulus rainfall. *ese sudden, erratic 
winds further vex firefighters by spread-
ing flames in unpredictable directions. 

Warmer air also tends to increase the 
incidence of lightning, which causes 
about 80 percent of the fire starts in the 
West. However, lightning strikes remain 
relatively unpredictable despite their im-
portance in igniting western wildfires. 

!e fuel factor 
Seasonally, fire danger fluctuates with 
the moisture condition of grasses and 
downed wood, respectively known as 
fine and heavy fuels in firefighter par-
lance. At longer time scales, explosive 
growth of saplings makes southwestern 
forests more prone to large-scale crown 
fires (Southwest Climate Outlook, Febru-
ary 2005). 

“A lot of our landscapes are primed,” as 
Whitney observed. Like many fire man-

agers and historians, he noted that on-
going e,orts to smother most blazes as 
upstarts means the ones that do manage 
to mature generally have loads of mate-
rial to fuel their flames. Nationwide, 
only about an eighth of the acreage that 
would naturally burn each year typically 
escapes suppression e,orts, according 
to an analysis by U.S. Forest Service re-
searcher Ron Neilson and others. 

*e bark beetles and drought that killed 
millions of pines in recent years appear 
to have contributed to reducing fire 
risk—at least temporarily—by reducing 
the amount of flammable foliage in the 
forest. At an August 2005 water summit 
in Flagsta,, Northern Arizona Univer-
sity researcher Neil Cobb reported that 
the ponderosa and pinyon that had 
succumbed to bark beetles in 2003 and 
2004 retained only about 13 percent of 
their needles, on average. 

“If you don’t have a canopy—all you 
have is dead sticks sitting up there—
you probably decrease the risk of 
catastrophic crown fires,” Cobb told 

Figure 2. The di"erence between Arizona and New Mexico’s average monthly temperatures in 
the past !ve years (2000–2005) compared to the full record (1895–2005) is shown above. The 
di"erence was most pronounced in winter and spring. Data:  Western Regional Climate Center. 
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the group. However, once the beetle-
killed trees start falling to the ground, 
their wood will join the thousand-
hour fuels that can potentially ignite 
future conflagrations. 

Management e,orts to thin forest 
stands or clear out invasive grasses can 
reduce fire danger locally. Tree-thinning 
projects in forests in Arizona’s White 
Mountains and Flagsta, reduce fire 
hazards in sections of pine forest. Not 
surprisingly, e,orts focus on areas where 
forests border communities. 

However, climate variability and change 
also influences fuel build-up to an ex-
tent that makes it di+cult for people to 
reduce fire danger on the regional scale 
without allowing a return to the natural 
fire regime. Global warming is likely to 
increase climate variability, with larger 
swings from wet to dry and back again. 
Some project global warming will in-
crease the magnitude of events associat-
ed with El Niño and La Niña (Southwest 
Climate Outlook, January 2006).

Records compiled from historic observa-
tions, tree rings, and charcoal deposits 
all indicate large climate swings boost 
the potential for severe fires in highland 
forests. Wet periods encourage abun-
dant growth in forests—many small 
trees pop up to celebrate the moisture. 
*is increases the risk of stand-level 
drought during dry periods that follow, 
with a multitude of tree stems draw-
ing from the same pool, like too many 
straws in a drink. 

Back in the desert
In lowland systems like grasslands and 
desert, wildflowers and grasses tend to 
flourish following above-average winter 
rainfall, which typically coincides with 
El Niño events, U.S. Geological Survey 
researcher Janice Bowers has found 
(Southwest Climate Outlook, September 
2005). Ironically, this often increases fire 
danger because grasses soon dry out to 
become fuel loads. 

Wildfire risk, continued
Evidence indicates some invasive grasses 
can load conditions even more than na-
tive grasses. For instance, the invasive 
bu,elgrass yields a longer-lasting fuel 
than many native grasses. Bu,elgrass is 
sensitive to winter lows, so the warmer 
temperatures that come with global 
warming may be encouraging its spread. 

Another invasive grass, red brome, ap-
pears to gain a stronger foothold based 
on an aspect of global warming— higher 
carbon dioxide levels. Rising atmospheric 
carbon dioxide levels account for about 
60 percent of the modern warming. *ey 
also tend to boost plant growth, favoring 
some plants more than others. 

In one experiment considering the ef-
fect of futuristic carbon dioxide levels, 
red brome grew 50 percent bigger and 
more dense on average than three na-
tive grasses found in the Sonoran Desert 
(Nature, November 2000). Atmospheric 
carbon dioxide levels in the experiment 
were roughly double the pre-industrial 
level of 280 parts per million, while 
today’s levels are about one-third higher 
than pre-industrial levels. 

An invasion of red brome helped carry 
fire into the desert areas torched by the 
Cave Creek Complex fire last year. Dur-
ing a March visit to a 30-degree slope 
that tapers down to the Verde River, 
the desert area touched by the fire was 
sprouting flowers again.

From afar, the classic Sonoran Desert 
landscape looked less damaged than the 
charred oak scrub nearby. But up close, 
many of the cactuses looked scarred. 
Past experience indicates that many of 
the saguaros straddling this steep slope 
could take another five years before they 
realize they’re dead, researchers indicate.
 
Research on the e,ects of fires in sa-
guaro territory remains limited, so it’s 
unclear exactly what it would take to 
bring this system down. However, fire 
has a well-documented role in promot-

ing grasslands over woody plants like 
juniper and mesquite (Southwest Cli-
mate Outlook, February 2006). Saguaros 
are also woody plants, as their ribbed 
remains on the desert floor indicate. 

Some vegetation models of global 
warming e,ects predict grasslands will 
encroach upon major expanses of south-
western desert, given an increase in 
precipitation as well as temperature. For 
instance, in one climate change scenario 
considered by the Mapped Atmosphere-
Plant-Soil System project, a rise in aver-
age temperature of 12 degree Fahrenheit 
with an increase of average precipita-
tion of 22 percent in the model led to 
grasslands taking over deserts in most of 
southern Arizona and some of southern 
New Mexico (Pacific Northwest Research 
Station Science Update, January 2004).

*e Sonoran Desert may be starting to 
head in that direction already, if 2005 is 
any indication of what warmer tempera-
tures will bring during wet years. With 
help from invasive grasses, wildfires 
can fly across low-elevation grasslands 
and even deserts, as during this record-
setting year in Arizona. Meanwhile, 
warmer temperatures during dry years 
can help set the high-elevation forests 
ablaze. Dense thickets of saplings can 
feed the conflagrations, as in the Rodeo-
Chediski and Los Alamos fires.

Management e,orts to defuse forests 
through thinning projects and protect 
deserts by weeding grasses and shrubs 
around saguaros can help. But unless 
there’s a quantum leap in the number 
of acres treated through such e,orts, 
southwesterners should brace them-
selves for longer, potentially severe fire 
seasons in years to come as the climate 
continues to warm.

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html
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Expanding cities and warming climate 
merge dramatically in the Southwest 
to boost water demand. )e combined 
e*ect of rising population, temperature 
and water use, meanwhile, threatens to 
take a toll on quality of life.

“We have put ourselves on a trajectory to 
make this a hotter, drier place,” keynote 
speaker Grady Gammage cautioned dur-
ing a June workshop in Phoenix, called 

“Providing water to Arizona’s growing 
population: How will we meet the ob-
ligation?” A lawyer, Gammage helped 
secure regional water supplies by serving 
on the Central Arizona Project (CAP) 
board of directors for 12 years before tak-
ing his current post at the Arizona State 
University’s (ASU) Morrison Institute. 

While many workshop speakers ex-
pressed confidence that Arizona could 
find water to support the ongoing influx 
of people, their words supported Gam-
mage’s premise that residents would pay 
a price for continued population growth. 

Higher water bills clearly will be coming 
down the pipeline in many cities, with 
current as well as future residents ante-
ing up. Declining water quality could 
represent another cost as water manag-
ers consider saltier sources. 

Shrinking rivers also follow rising water 
demand, as acknowledged by speakers 
at the June workshop, organized by )e 
University of Arizona’s Water Resources 
Research Center, and at an August event 
in Tucson. Another cost of the growing 
population and the water policy it will 
inspire will be measured in degrees. 

Temperatures had already reached 110 
degrees on the morning of the first 
day of the workshop, as the sun was 
reaching its annual peak in intensity 
on the summer solstice. Unrestrained continued on page 70

population growth will make Arizona cit-
ies hotter for several reasons, Gammage 
suggested, naming more xeriscaping, ag-
ricultural water buy-outs, and city infill.

Xeriscaping—using desert vegetation in 
landscaping—uses less water, but it also 
does less to cool residential areas than 
lush grass and trees. Shifting agricultural 
allotments permanently to cities will 
reduce the region’s ability to weather 
drought years by temporarily turn-
ing o* the supply to agriculture. )is 
increases the chances for urban water 
use restrictions. Promoting the infill of 
population within city centers saves on 
pipelines and other infrastructure, but 
makes cities even hotter as heat-trapping 
concrete replaces cooler open spaces. 

)e “urban heat island e*ect”—a result 
of concrete, buildings, and asphalt 
covering open land—worsens as cities 
become more densely populated. For 
instance, temperatures in Tempe (near 
Phoenix) increased by about 10 degrees 
Fahrenheit over the last century, ASU 
researchers have found, with about 
two-thirds of the di*erence related to 
the urban heat island e*ect and the re-
mainder linked to global warming. )e 
population of metropolitan Phoenix 
roughly doubled in three decades to top 
1.4 million in 2005. 

Residents who bought homes in 2005 
in Arizona’s central area—Maricopa, 
Pinal and Pima counties—can expect 
the surrounding population to nearly 
double again by the time they pay o* a 
conventional mortgage in 2035. )eir 
roughly 9.6 million neighbors in the 
merging three-county urban sprawl will 
contribute to a projected near doubling 
of water demand during that same time 
frame, as described in a discussion paper 
drafted for the workshop. 

)e central Arizona region can support 
only about 8.5 million people with the 

Population growth, warming, and water supply
water considered “currently secured,” ac-
cording to the paper’s preliminary analy-
sis led by ASU researcher Jim Holway, a 
former assistant director with the Arizo-
na Department of Water Resources. Be-
yond that population level, projected for 
about 2020, the supply would depend 
on securing additional sources such as 
agricultural water and wastewater e+u-
ent (Figure 1). 

Additional water sources are “likely” 
to become available, including from 
the Colorado River allocations to ag-
riculture, but are not secured at this 
point. Water managers are pursuing the 
prospect of treating wastewater e+uent, 
among other sources, to keep up with 
the growing demand for potable water 
(For more information: 
http://sustainability.asu.edu/gios/
waterworkshop.htm). 

Projections for global warming, mean-
while, indicate regional temperatures 
could continue to rise throughout the 
century by perhaps a degree Fahrenheit 
a decade. )at’s the rate already regis-
tering in Arizona since about the mid-
1970s, based on data from the Western 
Regional Climate Center. It’s several 
times faster than the average rate for the 
world as a whole. 

Higher temperatures boost water de-
mand, especially in summer when resi-
dents run evaporative swamp coolers 
and water wilting plants. An average 
household in Tucson, for example, uses 
a third more water during the warm 
months of May through October than 
in cooler months. 

Global warming causes other regional 
climate changes as well. Along with 
temperatures, it increases evaporation 
rates, rainfall variability and the risk of 
heat waves and drought. 

Water for the ongoing influx of people in the Southwest will come at a cost
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Water supply, continued
“We’re going to have to prepare for more 
intense droughts than we’ve had in 
the past,” acknowledged Steve Olson, 
executive director of the Arizona Mu-
nicipal Water Users Association that 
covers metropolitan Phoenix. By one 
climate change assessment that models a 
slight drop in Colorado Basin precipita-
tion along with an ongoing temperature 
rise, the river could run short about a 
quarter of the time in the coming cen-
tury (Climatic Change, March 2004). 

“I think the climate is going to change. 
We need to be able to react to what that 
change might be.” Tucson Water Direc-
tor David Modeer said. 

Modeer and other water managers for 
Tucson have been alerting residents to 
the potential need to start converting 
wastewater e+uent into drinking water 
within the next decade. Pima County 
residents must decide in the next few 
years whether to accept what some crit-
ics characterize as a “toilet to tap” plan. 

It may be a tough sell. Tucson residents 
twice voted against even allowing Colo-
rado River water directly into their drink-
ing water, citing water quality issues. 
Residents finally agreed in 2000 to accept 
a blend of CAP water with groundwater. 
)e Tucson Water Plan indicates they’ll 
soon be asked to consider a saltier blend, 
with a greater share of Colorado water. 

Tucson renewable groundwater could 
sustainably support a population of 
roughly 375,000—less than half the 
current population of the city’s metro-
politan area. In theory, Tucson’s allot-
ment of Colorado water could supply 
another 1 million people at current use 
rates. )at would assume that drought 
doesn’t limit the supply, and the city re-
tains its entire share for residential use. 

Currently, about 70 percent of Arizona’s 
water, and 80 percent of its Colo-
rado River allocations, goes to support 
agriculture on private and tribal lands. continued on page 71

“Ultimately, urban and rural Arizona are 
competing for the same water supplies,” 
Gammage told the group, some of who 
needed no reminding.

“We’re a target and we know it,” said 
Roger Gingrich, Yuma’s water resources 
coordinator. He noted that Yuma let-
tuce growers supply the country, help-
ing Arizona’s third largest metropolitan 
area earn $1 billion a year from crops. 
)e resources, including water, support-
ing this industry would not be given 
away lightly, he indicated. 
 

“It’s more, what are you willing to pay? 
When it comes to water, you’ll be paying 
a lot,” he said. Noting that bottled water 
sells in stores for more than $1 a gallon, 
he tallied the price for an acre-foot of 
water at about $365,000. Gingrich was 
speaking mostly with tongue in cheek, 
but he said he was serious in conveying 
that farmers would not sell water at the 
going rate. Currently, Tucson residents 
pay about $15 for their first 11,200 gal-
lons of water a month. At this rate, water 
costs about $450 an acre-foot. 

Arizona residents would pay an esti-
mated $3,000 an acre-foot for desali-
nated water in a plan proposed by CAP 
Deputy General Manager Larry Dozier. 
)e desalination approach he outlined 
would boost an average water bill to 
$150 to $200 a month, he said. 

It would involve erecting a desalination 
plant and an electrical plant to power 
it on the Gulf of California in Mexico, 
given the approval of Mexico’s burgeon-
ing tourism industry on the gulf. )e 
desalinated ocean water could help 
cover the million acre-feet of Colorado 
River water promised to Mexico, Dozier 
said, freeing up more of the river’s share 
for Arizona. 

Arizona’s share of the Colorado could 
then support future development. Un-
der current law, developments can go 
up in Arizona even where water sup-
plies are deemed “inadequate” to supply 
homes for the century or more they 
may exist. Also, landowners currently 
can withdraw unlimited quantities of 

Figure 1.  The population of central Arizona is projected to exceed the “secured supply” of 
renewable water by about 2020 given current population growth. Water managers are pursu-
ing the prospect of treating wastewater e!uent, among other sources, to keep up with the 
growing demand for potable water.
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groundwater from below their land, 
with some caveats, even if doing so dries 
up nearby rivers and neighbors’ wells. 

In a day of interactive sessions during 
the June workshop, people suggested 
policy makers should consider the prop-
erty rights of existing residents before 
permitting new developments. Partici-
pants also stressed the need to protect 
rivers when evaluating the potential 
impacts of new developments. 

Southwestern rivers that once flowed 
year-round have been reduced to inter-
mittent streams in areas where grow-
ing populations increasingly tap into 
groundwater or surface flows, such as 
Tucson’s Santa Cruz River. 

Even the San Pedro River has been fal-
tering in recent years, with population 
growth in Sierra Vista and Benson as 
well as drought reducing stream flow. 
About seven miles northeast of Sierra 
Vista, the San Pedro dried up for 12 
days in the summer of 2005—for the 
first time at least since continuous mon-
itoring began there in 1930. It almost 
repeated its disappearing act in late June, 
but reaped the benefits of an early start 
to the monsoon season. 

)e impact on the San Pedro from 
water withdrawals depends in part on 
where wells go, explained hydrologist 
John Ho*man of the U.S. Geological 
Survey. To illustrate, Ho*man showed 
a map of the San Pedro River where it 
flowed through Arizona northeast of the 
Huachuca Mountains and explained the 
modeled impacts of 50 years of pumping 
33 millions of groundwater—an amount 
that would support less than a thousand 
people a year at current use rates. 

Wells located around the river near Fort 
Huachuca’s eastern edge would draw 
about 95 percent of their supply from 
water that would otherwise feed the San 
Pedro River, Ho*man’s preliminary map 
indicated. In contrast, wells located west 

of the river near the Huachuca’s south-
ern boundary would draw only about 
30 percent of their supply from water 
that would otherwise go to the stream. 
 
)e area’s newest spate of wells are go-
ing in exactly where Ho*man’s analysis 
shows they would do the most damage, 
pointed out Patrick Graham of )e 
Nature Conservancy, alluding to some 
of the development occurring in the 
budding towns of Hereford and Palomi-
nas right along the river. 

“Groundwater supports those rivers. 
While there’s not a legal recognition, 
it’s a fact,” Graham said. Many states, 
including Arizona, fail to consider the 
impact groundwater withdrawals have 
on nearby rivers, as Robert Glennon de-
scribes at length in his book Water Fol-
lies: Groundwater Pumping and the Fate 
of America’s Fresh Waters. 

Graham compared groundwater basins 
to bathtubs, noting that rivers flow only 
when the basins are full enough to over-
flow into channels. Yet surface waters 
serve millions of birds as “nature’s high-
ways, hospitals, hotels, and restaurants,” 
he said. Conservationists consider the 
San Pedro especially crucial as an oasis 
for migratory birds, as it encompasses 
the northern limits for some tropical 
species and the southern edge for some 
species traveling from cooler climates. 

Tourism and recreation also thrive due 
to surface water, such as the inner tub-
ing industry on Phoenix’s Salt River. 

Concern for rivers and their functions 
drew a crowd of about 250 people to an 
August talk in Tucson by Jackie King. A 
researcher from South Africa, King as-
sesses ecological, social, and economic 
values of river systems around the world 
and how they change with development. 

Noting that Arizona policy encourages 
population growth, she outlined how 

Water supply, continued
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Homeowners can turn their yards 
into oases by capturing rainwater and 
recycling household water, explained 
Brad Lancaster, author of Rainwater 
Harvesting for Drylands. 

He describes harvesting principles 
that allow plants to thrive and thus 
cool the area around homes, a form 
of climate control that becomes more 
crucial with temperatures rising and 
populations growing. 

“We’re truly desertifying our so-called 
desert,” Lancaster said during a talk 
this year at )e University of Arizona’s 
Water Resources Research Center. 
“Here’s where the rivers are today,” 
he added, showing a slide of a Tucson 
street flooded by monsoon rains. 

Paved streets, concretized river banks, 
and hard bare soil all channel wa-
ter away before it can soak into the 
ground—sometimes whisking it out 
of town even before it can recharge 
groundwater aquifers, he noted. 

A permaculturist based in Tucson, 
Lancaster learned some of his tech-
niques in Zimbabwe, which has a 
semi-arid climate similar to that in 
the Southwest. )ere, a man he calls 
Mr. Phiri taught him how to “plant 
water before planting trees” and other 
lessons. )ese include:

Start by observing your land-
scape during rains, noticing how 
water moves and collects. )en 
revise after noticing what does 
and doesn’t work.

Start at the top of your “water-
shed,” which on a residential lot 
may be a roof. Capture and/or 

•

•

continued on page 72continued on page 72

A natural 
source of water
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Water supply, continued

researchers could assess some of the ben-
efits and costs of proposed water with-
drawals to encourage more informed 
policy decisions (River Research and Ap-
plications, Fall 2003). 

Using extensive data on historical, 
present-day, and future river flow pat-
terns and location of riparian plants, 
researchers could project how proposed 
withdrawals might impact water quality, 
wildlife, and tourism, for example. 

“If you take half your diet away, you 
will change. If you take half the river 
water away, it will change,” King told 
the crowd gathered at )e University 
of Arizona. Later she reminded, “Good 
quality of life doesn’t just mean a nice 
house and food in the fridge.” 

King noted that her approach includes 
working with various interest groups 
and individuals. With her recommend-
ed approach, scientists restrict their role 
to evaluating and presenting data, leav-
ing policy decisions to the governments 
and stakeholders involved. 

In the concluding remarks at the June 
conference, Kathy Jacobs encour-
aged water managers and the research 
community to explain the impact of 
decisions so policy makers could avoid 
working “in a vacuum.” A onetime wa-
ter manager, Jacobs now directs the tri-
university Arizona Water Institute. 
 
Water managers need to create a better 
link between water availability and pop-
ulation growth management, Gammage 
suggested, adding, “I don’t think water 
managers can continue the attitude of 
‘We’re the plumbers. You tell us what we 
need to do and we’ll do it.’ ”

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

direct gutter water toward plants or 
into a storage tank. 

Start small. Use simple strategies 
that slow and spread the flow of wa-
ter across the land, giving it time to 
seep down into soil. 

Maximize ground cover, especially 
living ground cover. Plants and 
mulch help soils quickly soak up 
water, so it won’t be available for 
mosquito breeding. 

“If nothing else, raise your pathways 
and patios and sink your planting ar-
eas,” Lancaster suggested. )at way 
plants will receive some of the water 
running o* the impermeable surfaces. 

During an early September tour of his yard, he pointed out a 1,200 gallon cis-
tern—now full—that stores water channeled from his roof (Figure 2). A spigot 
on the side yields some of its contents with a turn of the faucet. A driveway and 
a strategically sliced curb pull in some of the street’s flow during monsoon rains, 
where native plants benefit from the spillover. Corrugated zinc on the roof of his 
workshop drains water in rivulets into an area sprouting orange and fig trees.

)e thriving saplings also receive water every time Lancaster washes a load of 
clothes. Recycled water draining from showers, washing machines, and other 
household pipes is known as greywater.

Arizona has begun encouraging residents to use greywater for landscaping, as 
long as they avoid draining from kitchen sinks or, of course, toilets. In 2007, the 
state will start providing up to $1,000 in tax credits per household to help reim-
burse residents who set up greywater-harvesting systems. 
 
When employing greywater, Lancaster recommends using liquid detergents rath-
er than powders, which use salt as filler. Also, unlike rainwater, greywater should 
not be stored in a tank. Lancaster encourages people to deposit it directly into 
mulched and vegetated soil. 
 
Water harvesting can make a crucial di*erence when living in any desert. Lan-
caster’s mentor, Mr. Phiri, became a role model for his village in Zimbabwe after 
turning a barren wasteland into a productive farm over the years. 

“)ere are other people in his village literally dying of thirst in drought years, 
and he is raising fish,” Lancaster said. “And they could be doing the same.” 

More information about the tax credit program, suitable detergents for greywater sys-
tems, and Lancaster’s book can be found at his website: 
http://www.harvestingrainwater.com. 

•

•

Natural source, continued

Figure 2. Brad Lancaster in front of the cis-
tern that stores rainwater in his yard. Photo 
credit: Melanie Lenart
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Now that many Americans accept the 
reality of global warming, they want to 
do something about it. In the South-
west, that desire is being harnessed into 
initiatives to improve energy e)ciency 
and boost alternative forms of power, 
such as solar and wind energy.

*e rising temperatures of recent de-
cades trace back largely to emissions 
of greenhouse gases, mainly from the 
burning of fossil fuels like coal, gas, and 
oil. So the first step toward reigning in 
global warming involves reducing fossil 
fuel emissions. 

*e United States releases more green-
house gases from fossil fuels than any 
other nation. Per-person emissions tally 
about six times higher in the United 
States than in China, the runner-up 
for title of world’s biggest producer of 
greenhouse gases. Yet the U.S. govern-
ment has declined to join the interna-
tional e+ort to reduce greenhouse gas 
emissions, known as the Kyoto Protocol. 

Many states, cities, companies, and in-
dividuals are attempting to fill the void 
left by the federal government. New 
Mexico and Arizona are making e+orts 
to reduce fossil fuel emissions by sup-
porting alternative fuels and improving 
energy e)ciency. *e state e+orts also 
a+ect cities, companies, and individuals, 
especially those interested in powering 
their homes and o)ces with solar energy. 

Statewide initiatives
“*e governors are moving on this pri-
marily because the federal government 
is not,” explained Sandra Ely, New 
Mexico’s Energy and Environment Co-
ordinator. Ely served as the point person 
for the state’s Climate Change Advisory 
Group, which released an action report 
in December. Arizona released its ac-
tion report in mid-2006. *e groups 

Global warming inspires a look at solar, wind energy

continued on page 78

identified major sources of greenhouse 
gases (Figure 1) and recommended 
ways to reduce them. (See links to these 
documents on page 6.)

In September, Arizona Governor Janet 
Napolitano responded to the report by 
issuing an executive order requiring the 
state to drop back to 2000 levels by 
2020, and to 50 percent below 2000 
levels by 2040. At the time, she noted 
that the proposed recommendations 
would actually save money, amounting 
to $5.5 billion through 2020 and more 
in subsequent years. 

In New Mexico, Governor Bill Rich-
ardson had issued an executive order in 
2005 setting up the advisory group and 
asking it to think of ways to reduce the 
state’s total greenhouse gas emissions 
to 2000 levels by the year 2012, to 10 
percent below those levels by 2020 and 
to 75 percent below by 2050. To ad-
dress the quotas, the advisory group 
decided to focus on the electricity 

consumed within the state, which rep-
resents roughly a quarter of the all the 
greenhouse gas emissions produced. *e 
governor followed up with an order last 
month prescribing some actions, in-
cluding making new buildings and cars 
more energy-e)cient. 

Both states face the challenge of trying to 
stabilize greenhouse gas emissions even as 
their populations explode. *e number 
of Arizona residents rose by 40 percent 
during the 1990s, while New Mexico’s 
population increased by 20 percent. 
Population growth averaged 13 percent 
in the nation during this time frame.

Arizona’s population growth is translat-
ing directly into the country’s highest 
growth rates in greenhouse gas emis-
sions, noted Kurt Maurer, an Arizona 
Department of Environmental Quality 
employee who helped organize Arizona’s 
Climate Change Advisory Group. 

Figure 1.  The pie charts show the source of greenhouse gas emissions in Arizona (a) and New 
Mexico (b) based on 2000 data.  New Mexico has an additional category, Fossil Fuel Industry, 
which largely re!ects its coal mining and processing operations.
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Sun and wind, continued

“Our growth rate is outpacing astronom-
ically what other states are experiencing. 
We’re the fastest growing state in the 
country,” Maurer said. 

In both states and the country as 
a whole, per-capita greenhouse gas 
emissions—measured in metric tons of 
carbon dioxide equivalent per person—
remained roughly stable since 1990. 

New Mexico’s large coal industry 
coupled with its relatively small popu-
lation help make the state’s per-capita 
greenhouse gas emissions about double 
the national average. *e New Mexico 
advisory group targeted changes in this 
sector as one of the most e+ective ways 
to reduce overall emissions. 

Arizona falls below the national average 
for greenhouse gas emissions per person, 
in part because the region’s mild winters 
demand less heating. Still, electricity de-
mands for Arizona homes have quadru-
pled in recent years as developers build 
larger structures and air conditioners 
replace swamp coolers. 

Better buildings
Energy use in buildings accounts for 
about two-fifths of greenhouse gas 
emissions in the Southwest, counting 
the lighting and cooling provided by 
electricity. *is has inspired leaders in 
both states to push for more energy-
e)cient structures. 

Governor Richardson has promised 
to move forward on several regulatory 
fronts that don’t need legislative approv-
al. *ese include requiring contractors 
to follow the green building rating stan-
dards known as LEED, for Leadership 
in Energy and Environmental Design. 
*is energy-e)cient approach o+ers one 
of the best economic returns, Ely said. 

“You may have some initial upfront 
costs of maybe 2 percent more, but 
you get so much back from that initial 

continued on page 79

investment that you make the money 
back fairly quickly,” she noted. Al-
though homeowners will pay a bit extra 
for the home, the longer-term energy 
savings would amount to about $12 
per ton of carbon dioxide equivalent by 
2020, the report projects. 

Even existing homes sometimes can 
benefit from improvements in energy 
e)ciency, noted Tom Goldtooth, execu-
tive director of the Indigenous Envi-
ronmental Network. Some reservation 
homes even have ice building up in 
corners, a sign that energy is leaking 
out of the cracks, he explained during a 
December Tribal Lands Climate Confer-
ence held in Yuma.

Federal tax credits for home improve-
ments including insulation continue 
through this year. (See links on page 6.) 

Fuel-e!cient cars
Greenhouse gas emissions from vehicles 
rival the amount coming from energiz-
ing buildings in Arizona. Transportation 

accounts for about 39 percent of fos-
sil fuel emissions in Arizona and 17 
percent in New Mexico. Our nation’s 
driving habits account for about half of 
the auto emissions around the planet, 
a 2006 Environmental Defense study 
showed, in part because Americans fa-
vor large vehicles with low gas mileage. 

New Mexico plans to shift into more 
stringent vehicle emission standards by 
adopting California’s Clean Car guide-
lines. California’s interest in reducing its 
greenhouse gas emissions and related air 
pollution inspired Fran Pavley and other 
legislators to set a quota for electrical 
cars and restrict the sale of vehicles with 
low fuel e)ciency. Auto makers and 
their organizations have sued to keep 
the state from implementing the law. 

Arizona is holding o+ on adopting the 
California standards until the lawsuit is 
settled, Maurer said. In the meantime, 
the governor issued an executive order 
requiring that departments purchase 

Figure 2. Wind power installments, measured by the capacity of windmills set up each year, 
rose by an average of 24 percent a year since 2000. Data from the Global Wind Energy Council.    
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Sun and wind, continued

fuel-e)cient or hybrid vehicles so that 
the o)cial fleet will meet these stan-
dards by 2010. 

Plans are also moving forward for Arizo-
na Grain, Inc., to open an ethanol pro-
duction plant in Maricopa by mid-year. 
*e company plans to convert corn into 
50 million gallons a year of a fuel blend 
containing 85 percent ethanol. Ethanol 
is an alternative to oil that emits fewer 
pollutants than a conventional system, 
including perhaps 20 percent fewer 
greenhouse gases. 

However, some policy experts worry 
that its widespread adoption could 
worsen conditions for the world’s poor 
in the long run. Lester Brown, president 
of the Earth Policy Institute, has cau-
tioned that a large-scale move to ethanol 
would force less developed countries 
to compete with wealthy countries for 
world grain supplies. Because of this 
risk, Brown instead promotes developing 
wind energy to power electric vehicles.

Wind power
Whether cars reap the bounty of wind 
energy in the Southwest or not, utilities 
in both states will be employing more 
windmills to meet requirements that re-
newable energy comprise a greater share 
of their generating capacity. Existing 
laws require Arizona to meet 15 percent 
of its electrical needs from renewable 
sources by 2025, while New Mexico 
must obtain 10 percent by 2011. 

New Mexico already has a 204-
megawatt wind farm in House, with 
windmills dotting the landscape on 
private ranches amid grazing cattle, Ely 
pointed out. 

“*e ranchers love it. It’s a great utiliza-
tion of their ranchland,” she added. *e 
leases for windmills provide an ongoing 
source of income to ranchers with a 
livelihood that is subject to change with 
climate fluctuations. 

According to Ben Luce, director of 
the New Mexico Coalition for Clean 
and A+ordable Energy, New Mexico 
will need more electricity transmission 
lines to profit from wind potential. *e 
coalition supports adding transmission 
lines throughout eastern New Mexico, a 
windy area that could eventually supply 
4,000 to 8,000 megawatts of wind 
power—enough to power the whole 
state, he said

“A lot could change in this whole discus-
sion in the next couple of years if we get 
this o+ the ground. Basically we could 
displace coal in the Southwest,” Luce 
ventured. “*e beauty is this is all local 
technology, so it won’t hurt the econo-
my. It could even help it.”

New Mexico could develop a wind tur-
bine manufacturing plant in an Albu-
querque railyard under one proposal on 
the table, Luce said. Discussions call for 
the plant to produce windmills that can 
generate between 1.5 megawatts and 4 
megawatts of electrical power each. 

A shortage of windmills threatens to 
derail some U.S. projects in the short 
term. Many experts consider the short-
age temporary, soon to be relieved with 
upcoming windmill production plans. 

China currently overwhelms the wind-
mill market with its demand, but lately 
the nation of 1.3 billion people has 
been stepping up its own production of 
windmills in hopes of meeting its needs 
independently. An upswing in windmill 
production in China and other coun-
tries is expected to ease the shortage 
within a few years.

At 10 cents a kilowatt-hour and falling, 
wind energy prices compete directly with 
electricity produced from fossil fuels. 
*is helps explain their growing popular-
ity around the world (Figure 2). Creating 
solar-powered electricity, meanwhile, 
remains relatively expensive, although 
passive solar heating of water pays o+ 
quickly. As a result, solar electrical 
systems haven’t been keeping pace with 
wind except in rates of increase (Figure 3).

Figure 3. Electrical generation from solar cells lags behind wind globally, but the rate of 
increase surpasses 30 percent a year since 2000. Data here are estimates based on published 
graphs of information from PV Energy Systems, Inc.

continued on page 80
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Solar power
Both Arizona and New Mexico provide 
cash incentives to homeowners to sup-
plement federal subsidies for renewable 
energy. As a result, the government cov-
ers about half the cost of rooftop panels 
using photovoltaic cells (PVCs). (See 
links to the right.)

A roof-mounted system from American 
Solar, which participated in Arizona’s 
climate change advisory group, would 
cost about $14,000 after cashing in fed-
eral and state credits, explained spokes-
man Tom Alston. A system this size 
would supply half the electrical needs of 
a typical Arizona home, he said. 

American Solar’s systems run about $3 
per watt of electrical energy installed, or 
$3,000 per kilowatt, Alston estimated.  
Electric bills come in kilowatt-hours, 
which measures the number of hours in 
which a system uses 1,000 watts of en-
ergy. Although solar energy is produced 
only while the sun is shining, South-
western homeowners generally can sell 
their extra electricity to their utility 
companies at retail prices, then buy 
back what they need during the night.  

*e investment pays o+ before the 25-
year warranty runs out, Alston said, not-
ing it would yield a 6 and a half percent 
return over its lifetime assuming a mod-
est increase of about 3 percent a year in 
electricity rates.    

“But it’s also like buying an energy future,” 
Alston added, referring to the stock mar-
ket tactic of banking on the likelihood 
of future price increases. “Every time the 
rates go up, the system becomes more 
valuable. I’m essentially ensuring my 
rates don’t go up for the next 25 years.” 

Arizona Public Service has one of the 
world’s largest electrical plants using 
solar power. Its Springerville, Arizona, 
plant hosts a 5-megawatt facility. Ameri-
can Solar also is finalizing plans for a 

1-megawatt solar plant on the Gila River 
Indian Reservation south of Phoenix. 

Luce hopes to lure PVC manufacturing 
plants into New Mexico, especially in 
places like Demming and Las Cruces 
where they could supply viable sunny 
sites nearby. An Albuquerque develop-
ment known as Mesa del Sol might ben-
efit from Sandia Laboratory e+orts on a 
version of power known as concentrated 
solar power, he said. 

With the concentrated approach, lens 
arrays follow the sun’s daytime passage 
through the sky, focusing the captured 
light onto PVCs, explained Roger Angel, 
director of *e University of Arizona’s 
Mirror Lab.*e Mirror Lab is research-
ing concentrated solar power, applying 
its expertise in astronomy to the e+ort. 

“It’s like many little telescopes looking at 
the sun,” said Angel. With the focused 
energy, fewer PVCs can yield more elec-
tricity compared to conventional solar. 
Angel has a team of investigators work-
ing to refine the materials and technique 
in the hope of bringing costs into the 
commercial range. “*ere’s no di)culty 
in making energy from the sun,” he said. 

“*e key issue is can you do it for $1 a 
watt [installed], not $4 a watt.” 

Creating energy from PVCs remains 
relatively high for several reasons. Ger-
many’s appetite for solar panels is help-
ing to keep demand greater than supply. 
Also, a shortage of refined silicon, an 
essential material for PVCs, limits pro-
duction. Concentrating solar power could 
help get past this barrier because it pro-
vides more energy per unit-area of PVCs. 

*e Southwest is leading the way on 
concentrated solar, as befits the region 
with the lion’s share of the nation’s har-
vestable sunshine. An APS project in 
Red Rock, Arizona, is planning to use 
concentrated solar power to heat oil to 
generate power, Alston said.

Sun and wind, continued

Helpful Links
Arizona Climate Change Advisory 
Group
http://www.azclimatechange.us/

New Mexico Climate Change 
Advisory Group
http://www.nmclimatechange.us/

Database of State Incentives for 
Renewables & E!ciency
http://www.dsireusa.org/

Energy Star on federal incentives
http://www.energystar.gov/
index.cfm?c=products.pr_tax_credits#1

New Mexico Coalition for Clean & 
A"ordable Energy
www.nmccae.org

Calculating individual greenhouse 
gas emissions
http://www.cool-it.us/
index.php?refer=&task=carbon

By tapping into the power of the sun 
and wind and improving the energy ef-
ficiency of buildings and cars, o)cials 
hope to curb the growth of greenhouse 
gas emissions. *is, in turn, could help 
stabilize climate and avoid some of the 
impacts of the ongoing global warming. 

*ere’s still a long way to go, but gov-
ernment mandates are fueling a revived 
interest in alternative power and conser-
vation. *ose who buy into these e+orts 
enjoy the satisfaction of knowing they’re 
doing their share to stabilize climate. 

An upcoming article will address efforts 
to reduce greenhouse gas levels via forest 
management, carbon sequestration, and 
renewable energy credits. 

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html
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Imagine a drier and warmer Southwest, 
a region in which heat waves, droughts 
and, paradoxically, floods become in-
creasingly frequent, and snow cover 
dwindles. )ese projections, made by 
the world’s leading climate scientists, 
suggest that climate change will hit 
the Southwest harder and sooner than 
some other areas of the country if global 
warming continues unchecked.

In the face of such a dire scenario, how 
can the average citizen possibly help? 
Certainly not everybody can a*ord to 
put solar panels on their roofs to reduce 
their contribution to global warming, 
but there are many ways individuals and 
businesses can reduce their impacts on 
climate. Purchasing carbon o*sets from 
various groups, planting trees, driving 
less, adjusting the thermostat, and other 
individual e*orts collectively add up to 
valuable cuts in the emissions that con-
tribute to global warming.

Energy credits
For about $20 a month, the average 
American can eliminate greenhouse gas 
emissions, according to the Cool It! 
campaign, a carbon o*set project run 
by a coalition of four groups (Figure 1). 
It sounds almost too good to be true, 
considering all of the problems associ-
ated with rising industrial greenhouse 
gas emissions and their role in global 
warming. Society’s current production 
of greenhouse gases—mainly from the 
burning of gas, oil, and coal—is pro-
jected to boost Southwest temperatures 
about 0.7 degrees Fahrenheit a decade 
on average throughout this century. 
)at rise brings a host of predictable 
changes, such as a reduction in snow 
cover and an increase in heat waves, as 
well as the potential for troublesome 
climate surprises. 

Everybody counts when reigning in global warming

continued on page 82

A carbon o*set investment, which var-
ies by individual habits, allows people 
to virtually erase their greenhouse gas 
emissions, supporters say. Critics charge 
that the international carbon trading 
system and the U.S. adaptation of it 
create illusions about what needs to be 
done to reign in global warming. 

)e Cool It! campaign lets people o*set 
their carbon emissions by supporting 
a 66-megawatt wind farm in southern 
California. )e campaign gives people 
Renewable Energy Credit certificates 
(RECs), also known as green tags,for 
the energy produced when their money 
brings the generated wind energy down 
to market value, explained Julio Mag-
alhães of the Sierra Club, one of the 
groups involved in the campaign. 

“You’re actually paying only this tiny cost 
di*erence, which is the di*erence be-
tween the price of coal versus wind,” he 
said. A penny or two per kilowatt-hour 
can thus go a long way, explaining why 
the cost is relatively low. “For the price 
of a café latte per week, you can o*set 
your carbon emissions,” he added. )e 
contributions are also tax-deductible.    

In another e*ort to cut emissions, Na-
tiveEnergy, a majority tribally-owned 
company, uses contributions to support 
renewable energy, said Robert Gough, 
of the Intertribal Council on Utility 
Policy. )e carbon o*sets in this case 
count as green tags. NativeEnergy’s ef-
forts support the construction of new 
tribally-owned renewable energy proj-
ects that might not be built otherwise, 
Gough said. 

“)at money is there to finance renew-
able energy projects. )e finance piece 
NativeEnergy brings is a significant fac-
tor in getting that project built,” Gough 
said. For instance, o*sets purchased by 
NativeEnergy covered about 25 percent 

of the hardware cost of a 750-kilowatt 
wind turbine on the Rosebud Sioux 
Reservation in South Dakota. Now the 
Rosebud Sioux Tribe is working out 
the final details of a 30-megawatt wind 
farm, also with support from selling 
green tags, he said.  

O*set projects often sell credits based 
on the expected life span of the project. 
Putting up a windmill involves taking 
out a loan that requires operators to 
maintain the system for its expected life 
span, typically 25 years, Gough noted.

Many southwestern utilities allow their 
clients to support renewable energy by 
adding a surcharge to their bill, which 
in some cases is applied toward the 
purchase of solar energy from other cus-
tomers. )e U.S. Environmental Protec-
tion Agency (EPA) lists the utilities that 
provide this option on its Green Power 
website (see links on page 5).  

But not everyone supports the concept of 
carbon o*sets. At this stage, no national 
accounting system guarantees a carbon 
o*set credit is sold only once or that 
it delivers what it promises, said Tom 
Goldtooth, the executive director of In-
digenous Environmental Network and co-
author of the 2006 book Carbon Trading. 

“)e elders said if there is something 
you can’t translate, beware. How can 
you translate trading hot air?” he asked 
rhetorically during a December Tribal 
Lands Climate Conference held in 
Yuma, Arizona. Goldtooth directed his 
harshest criticism toward the interna-
tional carbon trading market. “One of 
the concerns is that it provides no in-
centives for clean energy,” he said. 

O*set programs can give Americans a 
false sense that by writing a check, they 
can stop worrying about how much 
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Reigning in global warming, continued

they drive or use air-conditioning, he 
indicated. “)e carbon trading culture 
continues to feed our addiction and 
doesn’t address the issues of consumption.” 

Tree-planting projects can allow com-
panies to gain carbon o*set credits for 
planting monocultural plantations, in-
cluding some that displace indigenous 
communities as well as native species, 
Goldtooth said. Also, there’s no guaran-
tee that forests will survive the length of 
some credits. Just as some groups will 
sell credits for the expected life span of a 
windmill, others will tally forestry cred-
its by assuming each tree will survive for 
several decades. Yet if a forest goes up in 
flames, some of the carbon that was pre-
sumed o*set goes up in smoke. Devel-
opment could also take down some tal-
lied trees. Neither the Cool It! campaign 
nor NativeEnergy includes carbon o*set 
projects that involve tree-planting.

!e power of plants 
Global warming adds another 
challenge to the fate of some for-
ests. Temperatures—and therefore 
evaporation rates—are rising. Changes 
in precipitation patterns remain mostly 
unpredictable, although the Intergov-
ernmental Panel on Climate Change 
(IPCC) summary released February 
2 projects that dry regions in general 
could get drier. Trees need relatively 
high moisture levels to survive, so 
lengthy droughts or shifts in wind and 
rain patterns could convert some forests 
into grasslands and deserts. 

Plants and the ocean currently absorb 
about half the carbon dioxide emitted 
by fossil fuels globally. )ese natural 
systems also absorb the carbon dioxide 
released by worldwide deforestation. So 
plants, especially trees, can help curb 
global warming. Plants build their tis-
sues from water and carbon dioxide. 
Using energy from sunlight, they trans-
form these raw materials into carbohy-
drates that they use to survive and grow. 

continued on page 83

New Mexico forests capture about 21 
million metric tons of carbon dioxide 
a year, while Arizona forests absorb an 
estimated 7 million, according to the re-
spective states’ Climate Change Adviso-
ry Group reports featured in last month’s 
Southwest Climate Outlook article. 

But when they burn, forests release 
some of that carbon dioxide. Arizona’s 
forests, for example, released the equiva-
lent of about 2.7 million metric tons 
of carbon dioxide during wildfires in 
2002. ()is value comes by applying 
IPCC and EPA conversion factors to 
emissions data collected by the Western 
Regional Air Partnership.) )e estimate 
for how much carbon dioxide Arizona’s 
forests absorb each year took wildfires 
into consideration, including the 2002 

Rodeo-Chediski forest fire that burned 
468,000 acres in the White Mountains. 

Forest management practices can reduce 
the risk that a wildfire will reach into the 
treetops, which releases more carbon and 
kills more trees than a surface fire. )in-
ning out some of the trees can reduce 
the odds that a surface fire will explode 
into crown fires in southwestern forests, 
according to a study led by B.A. Strom 
of Northern Arizona University assessing 
damage from the Rodeo-Chediski fire.
)e wood from trees thinned out of 
forests can heat homes, schools, and 
businesses or provide electricity when 
burned. Forest Energy Corporation con-
verts the thinned trees from White Moun-
tain forests into pellets that burn clean 

Figure 1.  The values above show what the average American contributes every year in carbon 
dioxide emissions from driving, !ying, powering, and home heating, as tallied by the Cool It! 
campaign. Values do not include contributions from the manufacturing of products purchased, 
waste disposal, or other activities.

Sources of Emissions
Annual

Carbon Dioxide 
Emitted

Monthly 
Cost to 
O!set

Car Travel 10,900 lbs $9.87

Air Travel 1,500 lbs $1.41

Electricity Use 6,000 lbs $5.42

Natural Gas Use* 2,000 lbs $1.82

Total: 20,400 lbs $18.52

*Values are a bit higher for propane or heating oil use
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enough to use even on smog-alert days, 
explained Robert Davis, president of the 
Show Low, Arizona-based company. 

Burning plant products has less impact 
on modern greenhouse gas levels than 
burning fossil fuels because of the time 
frames involved. )e carbon from fossil 
fuels was captured millions of years ago, 
while the carbon from plants came from 
modern times. As long as the forest or 
farm that provided the plant products 
remains in place, new plants can start 
sequestering carbon all over again.

Carbon sequestration
In the context of managing greenhouse 
gases, carbon sequestration includes pro-
tecting forests and reforestation projects. 
Carbon sequestration also involves pull-
ing carbon dioxide out of industrial emis-
sions before they leave the smokestack 
and placing them into long-term storage. 

Many policy analysts consider the se-
questration of smokestack carbon essen-
tial, as the world’s two biggest producers 
of greenhouse gases—the U.S. and 
China—both have centuries’ worth of 
coal reserves to power electrical plants 
and industry. Coal emits almost twice 
as much carbon dioxide as natural gas 
to supply an equal amount of energy. 
At this point, it’s expensive to sequester 
carbon, so few companies will embrace 
the practice without government incen-
tives or mandates. So far this method 
has been restricted to small demonstra-
tion projects, but that could change in 
the near future. )e U.S. Department 
of Energy plans to build a power plant 
that will gasify coal and capture all 
the plant’s emissions for storage, while 
British Petroleum and General Electric 
are working together on a California 
power plant that will sequester carbon for 
long-term storage (Science, February 9). 

Individual acts add up
When the carbon is tallied at the end 
of the day, individual acts to conserve 

energy count. Fortunately, saving energy 
often means saving money.

Among the largest contributors to 
greenhouse gases in the United States 
are vehicles. U.S. vehicles generate 
about half of the world’s greenhouse gas 
emissions, according to a 2006 report 
by the Environmental Defense Fund. 
Driving smaller cars or hybrids, walking or 
biking, living closer to work, keeping tires 
full, or even lumping errands together 
for more e+cient trips can help save gas, 
which translates into fewer emissions. 

In the Southwest, heating water with 
the sun alone can work with a passive 
solar system. In summer, even con-
ventional water heaters can be turned 
o* if they’re located in the outdoor 
sun. Washing clothes in cold water 
and installing low-flow shower heads 
and water-saving toilets all contribute 
to valuable savings. Turning down the 
thermostat in the winter and turning it 
up in summer generates savings. Simi-
larly, choosing a swamp cooler over an 
air-conditioner is more energy-friendly 
and economical. Landscaping also cools 
the local environment via the water 
evaporated through plant leaves. Taller 
species can provide shade, perhaps even 
reducing home cooling costs. By using 
a permaculture approach, homeowners 
can conserve energy without increas-
ing their water bills. (Southwest Climate 
Outlook, September 2006).   

Using compact fluorescent light bulbs 
and turning o* lights that aren’t in 
use can cut down on energy use. 
Unplugging appliances contributes be-
cause most electronic devices continue 
to draw energy even when shut down. Re-
cycling, buying fewer products, and using 
second-hand products also reduce energy 
consumption because of the emissions 
generated in the manufacturing industry. 

In short, there is no replacement for in-
dividual action to conserve energy and 

Helpful Links
Green Power Locator 
http://www.epa.gov/greenpower/
locator/index.htm

NativeEnergy
http://www.nativeenergy.com/

Green-e
http://www.green-e.org/

Climate Neutral
www.climateneutral.com/

Carbon Trading: A Critical 
Conversation on Climate Change, 
Privatization and Power
www.dhf.uu.se

More ideas on Taking Action 
http://www.climatecrisis.net/
takeaction/ 

Forest Energy Corporation
http://www.forestenergy.com/

Intergovernmental Panel on Cli-
mate Change summary
http://www.ipcc.ch/SPM2feb07.pdf

reduce greenhouse gas emissions. Emis-
sions add up household by household, 
car by car—and energy savings will too. 
With creative innovations for sequester-
ing carbon, a willingness to support 
renewable energy, recognition of the 
value of plants, and many small e*orts 
by individuals, this country can begin 
to reign in global warming. )e time to 
act is now, before our climate changes 
into something unrecognizable that will 
make even seasoned southwesterners 
wonder how to handle the heat.

Melanie Lenart is a postdoctoral research 
associate with the Climate Assessment for 
the Southwest (CLIMAS). The SWCO feature 
article archive can be accessed at the fol-
lowing link: http://www.ispe.arizona.edu/ 
climas/forecasts/swarticles.html

Reigning in global warming, continued



Global Warming in the Southwest

   | Literature Cited

Literature Cited

Global warming in the Southwest: An overview

Breshears, D.D., Cobb, N.S., Rich, P.M., Price,

K.P., Allen, C.D., Balice, R.G., Romme, W.H.,

Kastens, J.H., Floyd M.L., Belnap J., Anderson J.J.,

Myres O.B., and Meyer C.W., 2005.  Regional veg-

etation die-off in response to global-change-type

drought.  Proceedings of the National Academy

of Sciences 102:15144-15148

Christensen, N. and Lettenmaier, D.P., 2006.  A

multimodel ensemble approach to

assessment of climate change impacts on the hy-

drology and water resources of the Colorado River

basin.  Hydrology and Earth System Sciences

Discussions 3: 3727-3770.

Diffenbaugh, Noah, Pal, J., Trapp, R., And Giorgi, F.

2005.  Fine scale processes regulate the response of

extreme events to global climate change.  Proceed-

ings of the National Academy of Sciences

102:1574-1578

Groisman, P.Y., Knight, R.W., Karl, T.R., Easterling,

D.R., Sun, B., and Lawrimore, J.H., 2004.  Contem-

porary changes of the hydrological cycle over the

contiguous United States: trends derived from in-

situ observations.  Journal of Hydrometeorology

5:64-85.

Hoerling, Martin and Eischeid, Jon 2007.  Past peak

water in the Southwest.  Southwest Hydrology

6:18-20.

Intergovernmental Panel on Climate Change, 2007.

Climate Change 2007: The Physical Science Basis,

Contribution of Working Group 1 to the Fourth As-

sessment Report of the Intergovernmental Panel on

Climate Change.  Cambridge University Press,

United Kingdom and New York, N.Y., USA.

Report and related documents are available via:

http://www.ipcc.ch/

Knowles, N., Dettinger, M.D., and Cayan, D.R.,

2006. Trends in snowfall versus rainfall in the west-

ern United States. Journal of Climate 19: 4545.

McGeehin, M.A. and Mirabelli, M., 2001. The poten-

tial impacts of climate variability and change on tem-

perature related morbidity and mortality in the United

States.  Environmental Health Perspectives 109:185-

189.

Seager, R., Ting M., Held I., Kushnir, Y., Lu, J.,

Vecchi, G., Huang, H.P., Harnik, N., and Leetmaa, A.,

2007.  Model projections of an imminent transition to a

more arid climate in Southwestern North America.

Science 316: 1181-1184.

Sprigg, W.A., and Hinkley, T. (co-chairs of group),

2000. Preparing for a Changing Climate: The Po-

tential Consequences of Climate Variability and

Change, Report of the Southwest Regional Assess-

ment Group, U.S. Global Change Research Program,

66 pages.  Available at the University of Arizona Insti-

tute for the Study of Planet Earth website at:

http://www.ispe.arizona.edu/research/swassess/

report.html .

Stewart, I.T., Cayan, D.R., and Dettinger M.D., 2005.

Changes toward earlier streamflow timing across

Western North America. Journal of Climate 18:1136-

1155.

Westerling, A.L., Hidalgo, H.G., Cayan D.R., and

Swetnam T.W.  2006.  Warming and earlier spring in-

crease western U.S. forest wildfire activity. Science

313:940-943.

Southwestern drought regimes might worsen

with climate change

Hoerling, M., Kumar A. 2003. The perfect ocean for

drought, Science 299:691-694.

Levitus, S., Antonov J.I., Boyer, T.P., and Stephens,

C., 2000.  Warming of the World oceans. Science 287:

2225-2229.

Sprigg, W.A., and Hinkley, T. (co-chairs), 2000. Pre-

paring for a Changing Climate: The Potential Con-

sequences of Climate Variability and Change, Re-

port of the Southwest Regional Assessment Group for

the U.S. Global Change Research Program, 66 pages.

!84



                                                                                                                Global Warming in the Southwest

                           Literature Cited |

Available at the University of Arizona Institute for the

Study of Planet Earth website at: http://

www.ispe.arizona.edu/research/swassess/report.html

Scientists look to ocean for clues about drought

Delworth, T.L., and Mann, M.E., 2000. Observed

and simulated multidecadal variability in the Northern

Hemisphere. Climate Dynamics 16: 661-676.

Enfield, D.B., Mestas-Nuñez, A.M., and Trimble,

P.J., 2001. The Atlantic multidecadal oscillation and

its relation to rainfall and river flows in the continen-

tal U.S. Geophysical Research Letters 28(10):

2077-2080.

Gray, S.T., Betancourt, J.L., Fastie, C.L., Jackson,

S.T., 2003. Patterns and sources of multidecadal os-

cillations in drought-sensitive tree-ring records from

the central and southern Rocky Mountains. Geo-

physical Research Letters 30(6): 1316.

McCabe, G.J., Dettinger, M.D., 1999. Decadal varia-

tions in the strength of ENSO teleconnections with

precipitation in the western United States. Interna-

tional Journal of Climatology 19: 1399-1410.

El Niño: a wild card for climate change impacts

Cane, M.A., 2004.  The evolution of El Niño past and

future.  Earth and Planetary Science Letters

230:227-240.

Cook, E.R., Woodhouse C.A., Eakin C.M., Meko,

D.M., and Stahle D.W., 2004. Long term aridity

changes in the Western United States. Science 306:

1015-1018.

Diaz, H.F., Hoerling M.P., and Eischeid J.K., 2001.

ENSO variability, teleconnections, and climate

change.  International Journal of Climatology.

21:1845-1862.

Mann, M.E., Cane, M.A., Zebiak, S.E., and Clement,

A., 2005. Volcanic and solar forcing of the tropical

Pacific over the past 1000 years. Journal of Climate

18: 447-456.

Sun, D-Z., Trenberth, K.E., 1998. Coordinated heat

removal from the equatorial Pacific during 1986-1987

El Niño.  Geophysical Research Letters 25(14):

2659-2662.

Trenberth, K.E. and Hoar, T., 1997.  El Niño and cli-

mate change.  Geophysical Research Letters 24(23):

3057-3060.

Trenberth, K.E. and Stepaniak D.P., 2001. Indices of

El Niño evolution.  Journal of Climate 14: 1697-

1701.

Monsoon could strengthen as climate warms

Cook, E., Woodhouse C., Eakin C., and Stahle D.

2004. Long term aridity changes in the Western

United States. Science 306: 1015-1018.

Cayan, D.R., Kammerdiener, S.A,, Dettinger, M.D.,

and Caprio J.M., Peterson, D.H., 2001. Changes in

the onset of spring in Western United States.  Bulletin

of the American Meteorological Society 82: 399-

415.

Ellis, A.W., Saffell, E.M., and Hawkins, T.W., 2004. A

method for defining monsoon onset and demise in the

Southwestern United States. International Journal

of Climatology 24(2): 247-265.

Engleheart, P.J., and Douglas, A.V., 2006.  Defining

intraseasonal rainfall variability within the North

American Monsoon. Journal of Climate 19: 4243.

Gutzler, D.S. 2000. Covariability of spring snowpack

and summer rainfall across the Southwest United

States. Journal of Climate 13:4018-4027.

Neelin, J.D., and Chia, C. 2004. Mechanisms of global

warming impacts on regional tropical precipitation.

Journal of Climate 17: 2688-2701.

Wright, W.E., Long, A., Comrie, A.C., Leavitt, S.W.,

Cavazos, T., Eastoe, C., 2001.  Monsoonal moisture

sources revealed using temperature, precipitation, and

precipitation stable isotope time series.  Geophysical

Research Letters 28(5):787-790.

85



Global Warming in the Southwest

   | Literature Cited

Zhang, C., 1993.  Large-scale variability of atmo-

spheric deep convection in relation to sea surface

temperature in the tropics. Journal of Climate 6:

1898-1913.

Inquiry into monsoon and global warming con-

tinues

Higgins, R.W., Yao Y., and Wang, X.L, 1997.  Influ-

ence of the North American Monsoon system on the

U.S. summer precipitation regime.  Journal of Cli-

mate 10: 2600-2622.

Zahn, R., 2003. Global change: Monsoon linkages.

Nature 421: 324-325.

Hurricane intensity rises with sea temperatures

Emanuel, K., 2005.  Increasing destructiveness of

tropical cyclones over the past 30 years. Nature 436:

686-688.

Klotzbach, P., 2006. Trends in global tropical cyclone

activity over the past twenty years (1986-2005).

Geophysical Research Letters 33: L10805.

Goldenberg, S.B., Landsea, C.W., Mestas-Nuñez,

A.M., and Gray, W.M., 2001.  The recent increase in

Atlantic hurricane activity: causes and implications.

Science 293:474-482.

Levitus, S., Antonov J.I., Boyer, T.P., and Stephens,

C., 2000.  Warming of the World oceans. Science

287: 2225-2229.

Mann, M.E. and Emanuel, K.A., 2006. Atlantic hurri-

cane trends linked to climate change. Eos, Transac-

tions, American Geophysical Union 87(24): 233,

238, 241.

Mitchell, D., Ivanova, D., Rabin, R., Brown, T.,

Redmond, K., 2002. Gulf of California sea surface

temperatures and the North American monsoon:

mechanistic implications from observations. Journal

of Climate 15: 2261-2281.

Sriver, R., and Huber, M., 2006.  Low-frequency

variability in globally integrated tropical cyclone

power dissipation. Geophysical Research Letters

33: L11705.

Webster, P.J., Holland, G.J., Curry, J.A., and Chang,

H.R., 2005.  Changes in tropical cyclone number, du-

ration, and intensity in a warmer environment. Sci-

ence 309: 1844-1846.

Zhang, C., 1993. On the annual cycle in the highest,

coldest clouds in the tropics. Journal of Climate 6:

1897-1900.

East Pacific hurricanes bring rain to Southwest

Michaels, P., Knappenberger, P.C., and Davis, R.E.

2006. Sea-surface temperatures and tropical cy-

clones in the Atlantic basin.  Geophysical Research

Letters 33: L09708.

Smith, W., 1986. The Effects of Eastern North Pa-

cific Tropical Cyclones on the Southwestern United

States. National Oceanic and Atmospheric Adminis-

tration Technical Memorandum PB87180196/AS,

Washington, D.C.

Webster, P., Holland, G., Curry, J., and Chang, H.,

2005.  Changes in tropical cyclone number, duration,

and intensity in a warmer environment. Science 309:

1844-1846.

The future Colorado river: Will it deliver?

Christensen, N.S, Wood, A.W., Voisin, N.,

Lettenmaier, D.P., and Palmer, R.N., 2004. The ef-

fects of climate change on the hydrology and water

resources of the Colorado River Basin. Climatic

Change 62: 337-363.

U.S. Bureau of Reclamation data on the Colorado

River is available at the following website:

http://www.usbr.gov/uc/library/envdocs/reports/crs/

crsul.html

Global Warming could affect groundwater re-

charge

Blasch, K.W., Ferre, T.P.A., Hoffmann, J.P., and

Fleming, J.B., 2006. Relative contributions of tran-

sient and steady state infiltration during ephemeral

streamflow. Water Resources Research 42: 1-13.

Cunningham, E.E.B, Long, A., Eastoe, C., Bassett,

R.L. 1998. Migration of recharge waters

downgradient from the Santa Catalina Mountains into

!86



                                                                                                                Global Warming in the Southwest

                           Literature Cited |

the Tucson basin aquifer, Arizona, USA.

Hydrogeology Journal 6: 94-103.

de Vries, J.J., Simmers, I., 2002. Groundwater re-

charge: an overview of processes and challenges.

Hyrogeology Journal 10: 5-17.

Eastoe, C., Gu, A., and Long, 2004. The origins, ages

and flow paths of groundwater in Tucson basin: re-

sults of a study of multiple isotope systems in Hogan,

J., Phillips, F., Scanlon R. (eds.), Groundwater Re-

charge in a Desert Environment: the Southwest

United States, American Geophysical Union, Wash-

ington, D.C.

Eichler, T., Rind, D., and Zebiak, S., 2006. Impact of

global warming on ENSO variability using the

coupled GISS GCM/ZC model. International Jour-

nal of Climatology 26: 1283-1314.

Knowles, N., Dettinger, M.D., and Cayan, D.R.,

2006. Trends in snowfall versus rainfall in the west-

ern United States. Journal of Climate 19(18): 4545-

4559.

Hogan, J., Phillips, F., Scanlon R., 2004. Groundwa-

ter Recharge in a Desert Environment: the South-

west United States, American Geophysical Union,

Washington, D.C. 294 pgs.

Nynezi, B, Lefale, P., 2006. El Niño-Southern Oscilla-

tion and global warming.  Advances in Geosciences

18: 56-67.

Pool, D., 2005. Variations in climate and ephemeral

channel recharge in southeastern Arizona, United

State.  Water Resources Research 41: W11403, 1-

24.

Stewart, I.T., Cayan D.R., and Dettinger M.D., 2005.

Changes toward earlier streamflow timing across

Western North America. Journal of Climate 18:

1136-1155.

Is Global Warming creeping into Southwest for-

ests?

Gillett, N.P, Weaver, A.J., Zwiers, F.W., and

Flannigan, M.D., 2004. Detecting the effect of cli-

mate change on Canadian forest fires. Geophysical

Research Letters 31: L18211, 1-4.

Nowak, R., Ellsworth, D., and Smith, S., 2004. Func-

tional responses of plants to elevated atmospheric

CO
2
.  New Phytologist 162: 253-280.

Stainforth, D.A., Aina, T., Christensen, C., Collins,

M., Faull, N., Frame, D.J., Kettleborough, J.A.,

Knight, S., Martin, A., Murphy, J.M., Piani, C., Sex-

ton, D., Smith, L.A., Spicer, R.A., Thorpe, A.J., Allen,

M.R., 2005. Uncertainty in predictions of the climate

response to rising levels of greenhouse gases. Nature

433: 403-406.

Nature’s clock ringing in earlier springs

Beaubien, E.G., Freeland, H.J., 2000.  Spring phenol-

ogy trends in Alberta, Canada: links to ocean tem-

perature.  International Journal of Biometeorology

22: 1757-1767.

Bowers, J., 2005. Flowering phenology of 6 woody

plants in Northern Sonora Desert.  Bulletin of

Torrey Botanical Club 121: 215-229.

Cayan, D.R., Kammerdiener, S.A,, Dettinger, M.D.,

and Caprio J.M., Peterson, D.H., 2001. Changes in

the onset of spring in Western United States.  Bulle-

tin of the American Meteorological Society 82:

399-415.

Keeling, C., Chin, J.F.S., and Whorf, T.P., 1996. In-

creased activity of northern vegetation inferred from

atmospheric CO
2
 measurements. Nature 382: 146-

159.

Mynemi, R.B., Keeling, C.D., Tucker, C.J., Asrar, G.,

Nemani, R.R., 1997. Increased plant growth in the

northern latitudes from 1981-1991. Nature 386: 698-

702.

Root, T.L., MacMynowski, D.P., Mastrandrea, M.D.,

and Schneider, S.H., 2005.  Human modified tem-

peratures induce species change: Joint attribution.

Proceedings of the National Academy of Sciences

102: 7465-7469.

Van Vliet, A.J.H., Overeem, A., De Groot, R.S.,

Jacobs, A.F.G., and Spieksma, F.T.M., 2002. The in-

fluence of temperature and climate change on the

timing of pollen release in the Netherlands.  Interna-

tional Journal of Climatology 22: 1757-1767.

!!87



Global Warming in the Southwest

   | Literature Cited

Grassland dynamics shift with climate

fluctuations

Diffenbaugh, N., Pal, J., Trapp, R., and Giorgi, F.,

2005.  Fine-scale processes regulate the response of

extreme events to global climate change.  Proceed-

ings of the National Academy of Sciences 102:

1574-1578.

Ellis, A., Saffell, E., and Hawkins, T., 2004. A method

for defining monsoon onset and demise in the South-

western United States. International Journal of

Climatology 996: 247-265.

Nowak, R., Ellsworth, D., and Smith, S., 2004. Func-

tional responses of plants to elevated atmospheric

CO
2
.  New Phytologist 162: 253-280.

Schneider, N., and Cornuelle, B.D., 2005. The forcing

of the Pacific Decadal Oscillation. Journal of Cli-

mate 18: 4355-4373.

Rising temperatures bump up risk of wildfires

Brooks, M.L., and Pyke, D.A., 2001. Invasive plants

and fire in the desert of North America. Pages 1-14

in K.E.M. Galley and T.P. Wilson (eds.): Proceedings

of the Invasive Species Workshop: the Role of Fire in

the Control and Spread of Invasive Species. Fire

Conference 2000: the First National Congress on Fire

Ecology, Prevention and Management. Miscellaneous

Publication No. 11, Tall Timbers Research Station,

Tallahassee, FL.

Pacific Northwest Research Station Science Mapped

Atmosphere-Plant-Soil System (MAPSS) project

website is:

www.fs.fed.us/pnw/corvallis/mdr/mapss/

Brown, T., Hall, B., and Westerling, A., 2004. The

impact of 21st century climate change on wildland

fire damage in the Western United States: an applica-

tions perspective. Climatic Change 62: 365-388.

Comrie, A.C. and Crimmins, M.A., 2004.  Interac-

tions between antecedent climate and wildfire vari-

ability across southeastern Arizona. International

Journal of Wildland Fire 13: 455-466.

Gillett,  N.P, Weaver,  A.J., Zwiers, F.W.,  and

Flannigan, M.D.,  2004.   Detecting the effect of

climate change on Canadian forest fires. Geophysi-

cal Research Letters 31: L18211, 1-4.

McKenzie, D., Gedalof, Z., Peterson, D.L., and

Mote, P., 2004. Climatic change, wildfire, and conser-

vation. Conservation Biology 18(4): 890-902.

Smith, S.D., Huxman, T.E., Zitzer, S.F., Charlet, T.N.,

Housman, D.C., Coleman, J.S., Fenstermaker, L.K.,

Seeman, J.R., and Nowak, R.S., 2000. Elevated CO
2

increases productivity and invasive species success in

an arid ecosystem. Nature 408: 79-82.

Seeking sustainability

Christensen, N.S, Wood, A.W., Voisin, N.,

Lettenmaier, D.P., and Palmer, R.N., 2004. The ef-

fects of climate change on the hydrology and water

resources of the Colorado River Basin. Climatic

Change 62: 337-363.

King, J., Brown, C., and Sabet, H., 2003. A scenario-

based holistic approach to environmental flow assess-

ments for rivers. River Research and Applications

19: 619-639.

Nagler, P.L., Glenn, E.P., Thompson, T.L., and Huete,

A., 2004. Leaf area index and normalized difference

vegetation index as predictors of canopy characteris-

tics and light interception by riparian species on the

Lower Colorado River. Agricultural and Forest

Meteorology 125: 1-17.

Schrage, D.P., 2007. Preparing to capture carbon.

Science 315: 812-813.

88


